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ABSTRACT

Three types of ground-based simulators of the X-22A aircraft are evaluated
and compared with actual flight, Simulator types employed were a fixed-base
simulator with linearized equations of motion, a fixed-base simulator with non-
linearized equations of motion, and a moving-base simulator with linearized
equations of motion. Evaluations are based on comparisons of pilot ratings,
pilot comments, and dynamic response time history data, Data comparisons
are interpreted and discussed in terms of significant factors such as simulator
type, complexity, and physical and psychological cues,

Several correlations among the different simulators and flight are developed in
terms of numerical pilot ratings of specific flight conditions and tasks, These
pilot rating correlations provide a basis for projecting flight characteristics
from results obtained with the simulator types evaluated. Relative capabilities
and limitations of the various simulators to represent flight and minimum
standards of adequacy for specific tasks are also established for hover and
transition,
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FOREWORD

This work was sponsored by the United States Army Aviation Materiel Labora-
tories (USAAVLABS) as part of a continuing long-range program to obtain a
better understanding of various kinds of simulators and to determine their capa-
bility to produce data representative of the simulated aircraft in flight, This
report documents the work performed under Contract DAAJ02-67-C-0049 (Task
1F162204A14233) by the Integrated Systems Engineering Department of Bell
Aerosystems Company of Buffalo, New York, during the period from May 1967
to August 1968,

Mr. R, P, Smith of USAAVLABS monitored the technical aspects of the program,
which was performed by Messrs. J. L. Michaels and H, G, Streiff of Bell Aero-
systems Company, The value and scope of the program was expanded im-
measurably by the willing cooperation and assistance of the X-22A project per-
sonnel and pilots, who helped to expedite the initial search for flight data,
participated in the simulation effort, and always arranged to be available for
consultation, Special appreciation is expressed to the pilots (Lieutenant Com-
mander W, Davies, USN; Major I, W, Rundgren, USA; Major J. G. Basquez III,
USAF:; Lieutenant D, L, Green, USN; and Lientenant W. R, Casey, USN), whose
enthusiastic participation gave the data correlations added breadth and quality.
Special appreciation is also expressed to personnel of the Full Scale and Sys-
tems Research Division and the Simulation Sciences Division of the NASA Ames
Research Center for their efforts on behalf of this program.
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INTRODUCTION

In recent years the ground-based flight simulator has gained increasing accep-
tance and recognition as an effective and low-cost means of solving a large
variety of engineering design and handling qualities research problems for
piloted vehicle developments. Simulator usage has grown especially fast in the
field of V/STOL aircraft, where the problems of flight dynamics are multiplied
by the continuously variable aercdynamics and control derivatives in the speed
range between hover and conventional flight. Essentially all V/STOL programs
now regularly employ simulators of various types as design and training aids.
Simulator evaluations carried on in conjunction with aircraft development are
being used to avoid costly downstream modifications, by uncovering and solv-
ing potential problem areas before commitments to detail design or fabrication
are made. Simulators have also become recognized as powerful researchtools
for systematic study of the varied human engineering problems related to the
establishment of flight control system design requirements and handling quali-
ties criteria,

While simulators a:"e being ever more widely used for the purposes mentioned,
very little systematic information has yet been generated to establish cate-
gorically the realism or validity of different simulator types. The various
published studies in the literature are mostly independent investigations which
report their findings as parametric data trends and relative merit evaluations,
without relation to a frame of reference based on actual flight., In the design
process, the results of such studies are of necessity apnlied on an incremen-
tal rather than an absolute basis, and the true dynamic handling characicristics
remain in question until finally established by flight test. There is, therefore,
a definite need for a quantitative determination of the degree of fidelity of the
various simulator types with respect to actual flight, and for the definition of
their capabilities and limitations when used in their customary engineering
design, research, and training applications.

The present study is part of a long-range program to fill this need by develop-
ing sufficient data to catalog the many types of ground-based simulators
according to their capabilities and limitations for representing the true flight
characteristics and handling qualities of aircraft. The work reported is based
on comparisons of data from simulations and flights of the X-22A V/STOL
research aircraft. Objectives of the study were to make comparisons and
correlations of simulator results with flight for as wide a range of flight and
simulator variables as possible from existing data, to generate additional data
as appeared to be necessary, and to expedite the completion of this task. The
study results provicie a broad base of data and techniques aimed at achieving

the stated goals,




Direct comparisons of pilot opinion data and dynamic response data with actual
flight test results are presented for three ground-based simulator types, for a
cor parable series of pilot tasks, in both the hover and the transition flight re-
gimes. Data comparisons are interpreted and discussed in terms of the sig-
nificant factors, which include simulator type, complexity, dynamic response
characteristics, pilot sensitivity, physical environment, and physical and
psychological cues.

Ground-based simulators evaluated in this study are:
Bell Linearized Fixed-Base Simulator (BLFB)
Bell Hybrid Fixed-Base Simulator (BHF B)
Ames Linearized Moving-Base Simulator (ALMB)

Wherever possible, the 2bove simulators have been compared with each other
and with flight results for the following series of pilot tasks:

Hover Task Category

Height Control
Attitude Control
Forward Translations
Lateral Translations
Hovering Turns

Hover in Ground Effect
Hover Dynamics

Fixed Operating Point Transition Task Category

Longitudinal Trim and Static Stability
Longitudinal Long-Period Dynamic Mode
Longitudinal Short-Period Dynamic Mode
Directional Static Stability

Banked Turns

Lateral-Directional Dynamic Mode
Lateral Control Response

Continuous Transition Task Category

Conversions
Reconversions




In several inatances, the above lasks were evaluasted for addiroms] variabiles 10
provide insight intc particular problem arcas and 10 3id 1s e slerpolation
and extrapolation of results from oee lesl poist 0 aaother, Theie adduions)
variables include:

Stability Augmentation Level
Reduced Dogrees of Freedom
| Motion Scaling Effects
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DESCRIPTION OF DATA SOURCES

FLIGHT DATA SOURCES

Physical Description of the X-22A Aircraft

The X-22A is a V/STOL research aircraft in the 15,000-pound weight class.
Flight evaluations to date have logged over 67 hours of hover and transition in
more than 150 flights. A photograph of tke aircraft in hovering flight is shown
in Figure 1. Important configuration features of the design include:

Ducted propeller thrust units

Dual tandem configuration arrangement

Duct rotation in (ransition

Control by elevons and propeller blade angles

Two separate systems are provided for thrust control. Data evaluated in this
report were obtained using the collective thrust control mode, which operates
by a collective control stick that controls propeller blade angle directly. With
this system, the engine control levers are used to select a power turbine
governor rpm, which regulates the power turbine output, as in conventional
helicopters. The total collective stick motion available is 30 , which requires
approximately 9 inches of vertical travel at the pilot's grip. Thrust vector
rotation for transition is accomplished by rotating the ducts, which are operated
by a thumb switch located on the thrust control.

Attitude control is obtained from two independent sources of control force:

Differential deflectio:: of aerodynamic flaps located in the exit planes
of the ducts.

Differential thrust produced by variable propeller blade angle.

The attitude controls are operated by a conventional stick and rudder pedals.
In the different flight regimes, attitude control is maintained by appropriate
combinations of elevon and propeller blade angle deflections, which are phased
2s a function of duct angle to minimize undesirable control coupling (e.g., roll
due to yaw control or yaw due to roll control) and to provide desirable handling
qualities.

Pitch and roll stick force gradients are provided by an artificial feel system,
which increases the gradients with increasing airspeed. Pedal forces are
primarily frictional, with simple mechanical spring forces available at the
option of the pilot.
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Figure 1. X-22A in Hovering Flight.
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The primary aircraft control system includes a dual stability augmentation
system (SAS), installed in series, with limited authority which provides simple
rate damping in pitch, roll, and yaw. This system is used for the lower con-
ventional flight speeds and is phased out at the higher cruise speeds. At the
option of the pilot, either or both SAS channels can be switched off.

The cockpit flight instrumentation consists of two wdentical groups of basic
flight instruments located directly in front of eaci nilot and on either side of an
instrument cluster which monitors individual engine performance. Flight
parameters displayed in the flight instrument groups include airspeed, duct
angle, pressure altitude, radar altitude, instantaneous rate of climb, attitude
reference, situation display, propeller rpm, and time. Engine instruments pre-
sent turbine rpm, torque, and exhaust gas temperature.

Flight Test Program Status

At the beginning of the study, the X-22A development and demonstration of flying
qualities program had a total accumulated flight time of 18 hours for 46 flights.
These flights had all been performed in the collective thrust control mode, and
the tests performed satisfied a major part of the hover and transition flight
data requirements for the first Military Preliminary Evaluation (MPE). This
group of tasks and flight conditions provided the initial basis for the review

and search for comparable simulator data. Additional data acquired as the
study progressed increased the body of applicable data. A significant and un-
expected increase in the amount of useful data available occurred as a result of
the first Military Preliminary Evaluation (MPE-1). This evaluation was con-
ducted v a team of military test pilots and engineers who planned and per-
formed a series of repeatable flight tasks at representative test points spanning
the hover and transition flight envelope. These tests reevaluated much of the
earlier data, expanded its usefulness, and supplied additional documentation of
pilot rating and time history data in both hover and transition. The incorpor-
ation of the MPE-1 data with the previous flight results provided a much
broader basis for comparing simulators with flight.

At the end of the study, the development and demonstration of flying qualities
phase of the flight test program was essentially complete. Accumulated flight
time exceeded 67 hours; these figures included 72 tlights and 32 hours in the
collective control mode.

A representative sample of these data covering the flight envelope has been
published in Reference 1.

A T SR T I

TR e e s s




SIMULATOR DATA SOURCES

Data accumulated in various stages of the X-22A development were obtained
from three separate and essentially different X-22A simulations, covering both
the hover and the transition flight regimes. After an initial review of the data,
the three simulations were set up and rerun to provide additional and directly
comparable test points.

The scope, original design objectives, and description of these simulations are
contained in this section. Mechanization details and equations of motion are
presented in Appendix I.

Bell Linearized Fixed-Base Simulation (BLFB)

As part of the X-22A program, a linearized fixed-base analog simulation was
set up in 6 degrees of freedom (DOF) to evaluate the hover flight regime and
to assist in the functional design of the cockpit and control systems. The BLFB
simulation was mechanized so that it could be operated in reduced degrees of
freedom and at fixed operating points in transition, as desired. Its cockpit,
flight controls, and information displays were later used for the BHFB simu-
lation. Results obtained with this simulation provided a rational basis for
choosing suitable control configurations and selecting design values for various
system parameters, and gave added insight into the aircraft flight behavior in
hover through firsthand pilot experience. The many design areas evaluated with
this simulation include:

Height control with alternate modes of thrust control (e.g., throttle mode
and collective stick mode).

Effect of thrust response time .ag.

Height and attitude control power and damping requirements.
Effect of attitude and thrust control couplings.

Hover translation and attitude control characteristics.
Stability augmentation levels.

Control force gradients and breakout force levels.

Control force trim rates.

Cockpit flight control locations and functions.




Additional simulations performed for this study using this simulator include
3-DOF longitudinal operation (X, Z, 6§ ) and 4-DOF lateral-directional operation
(Z, Y, ¢, ¢) at selected fixed operating points and speed-duct angle combina-
tions in hover, in addition to extensive 6-DOF investigations in hover and at
fixed operating points in transition.

Bell Hybrid Fixed-Base Simulation (BHFB)

The 6-DOF hybrid simulation was developed in the X-22A program primarily
to explore the transition flight regime for potential problem areas. The pro-
gram permits continuous flight over the entire flight envelope from VTO
through transition, to conventional flight, and back again to hover and landing,
with no loss in fidelity due to small-angle approximations or assumptions of
linearized aerodynamics that are often made to simplify mechanization prob-
lems.

The BHFB simulation was used extensively as a design tool in deveivping good
stability and control, feel and trim, and handi...g qualities characteristics, and
in evaluating various flight control techniques and procedures throughout the
V/STOL regime. In the course of these studies, the pilots received much use-
ful preflight training and developed a high degree of confidence in flying the
X-22A airplane.

This simulation was subsequently used to evaluate various aspects of aircraft
behavior experienced in flight, ard it continues to be used as a pilot training
aid. Some of the design areas that this simulation was used to investigate
include:

Height control parameters in hover.

Development of takeoff, landing, and thrust rotation techniques.

Control power and damping requirements and design levels in transition.

Stick and pedal control force levels in transition.

I Lateral-directional control coupling evaluation in transition.

Effects of control system response characteristics on handling
characteristics.

Piloted maneuvers and evaluation of stability and control characteristics
in all flight regimes.




Rate-of-descent envelopes and safe emergency-landing footprints for
various thrust-to-weight ratios and duct rotation rates.

Development of optimum flight control system phasing and transition
flight procedures.

Pilcted analyses of random control system failures.

A photograph of the fixed-base cockpit station is shown in Figure 3. It consists
of a pilot seat with a powered height adjustment, two side consoles, floor-
mounted hydraulically powered flight controls, and a forward instrument and
information display panel. This cockpit is generally representative of the
X-22A and was used for both the BHFB and the BLFB simulations.

The additional BHFB simulator data used in this study were taken from con-
current X-22A pilot training simulations performed in connection with the
MPE-1 flight evaluation. Consequently, control over the quality of the data and
the precise definition of pilot tasks, required to make proper comparisons with
other simulator data according to the objectives of this study, were secondary
considerations which were subordinated to the primary pilot training objectives.
Nevertheless, useful ratings, comments, and time history data were obtained in
both hover and transition.

Ames Linearized Moving-Base Simulation (A LMB)

Prior to the first flight of the X-22A, a relatively brief linearized hover pro-
gram was conducted on the Ames 6-DOF moving-base simulator with the
primary objective of training two X-22A test pilots. This program evaluated
the pitch, roll, yaw, and height control handling characteristics in hover for
thrust control parameters representing both the collective stick and the throttle
control modes. Several visual hover and air taxi flight tasks were performed
at FULL, 1/2, and NO SAS.

A photograph of the simulator installation for both VFR and IFR operation is
shown in Figure 2. The pilot station or cockpit is installed in a cab which is
mounted on tracks and gimbals providing motion in 6-DOF, any or all of which
can be locked out as desired. Simulator travel is limited to an 18-foot flight
cube that is partially below ground leve!. Angular excursion limits are +40°
about all three axes, Linear and angular acceleration capability exceeds the
ranges normally encountered or anticipated by the X-22A in hover,

The pilot station consists of a fixed pilot seat, conventional flight controls, and
a forward instrument panel. The simulator is normally flown under VFR con-
ditions with the field of view limited only by the ceiling, side walls, and some-
times the floor of the hangar when the region of the flight cube below ground

9




ALMB Flight Simulator.

Figure 2.




level is used. For the additional simulations related to this program, the in-
strument panel was modified to represent as closely as possible the instrumen-
tation provided in the BLLFB and BHFB simulators, and a collective atick was
substituted for the throttle-type thrust control previously used. Photographs of
the pllot station showing comparisons of the flight controls and the instrument
panels of the fixed- and moving-base simulators are shown in Figures 3 and 4.

Additional ALMB simulations performed as part of this study were mechanized
using the updated hybr'd computer capability with linearized hover derivatives.
The scope of the additional data obtained includes evaluation of ground effects,
winds, gusts, and stability augmentation level for a series of simulated hover
tasks.

11




BLFB and BHFB Flight Simulator

Figure 3. Comparison of Simulator Flight Controls.
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METHODS OF ANALYSIS

A rationale was established early in the program to facilitate the initial data
review and comparison. As the review progressed, methods and analytical
techniques were devised to guide the review and to perform the compilation,
acquisition, correlation, and analysis of data. The rationale, methods, and
techniques developed are set forth and discussed in this section.

RATIONALE. METHODS, AND TECHNIQUES

The purpose of the initial data review phase was to establish the scope of the
existing data, to identify common parameters, a~d to develop meaningful cate-
gories for the data comparisons. The categories of data reviewed included time
histories of flight parameters, pilot rating data, and pilot comments.

The basic approach taken was to search out and compile steady-state and
dynamic response time history data, pilot ratings and comments from each
different simulation and from flight, and to relate these for comparable values
of the significant variables, which include flight conditions, flight task, aero-
dynamic and systems parameters, and aircraft physical parameters. Differ~
ences in simulator and flight results were then interpreted and discussed in
terms of inherent differences in one or more elements of the simulations, which
include simulator type, complexity, and physical and psychological cues.

Factors Affecting Simulator Realism and Fidelity

The difficulty of comparing handling qualities of ground-based simulators with
flight is best placed in perspective by considering the almost overwhelming
variety of factors that require representation. First, for low-disc-loading, tilt-
thrust V/STOL aircraft such as the X-22A, the low-speed aerodynamic deriva-
tives, which are usually represented by linear functions of aircraft attitude,
are actually nonlinear functions that also vary as the aircraft changes con-
figuration between hover and conventional flight. Such aircraft also experience
large aerodynamic power effects. Control system functions in transition
generally require phasing to maintain the effectiveness of the flight controls.
Hence, the control functions are also complex functions of speed, configuration,
control deflection, and power, making the representation of control power,
control sensitivity, control cross-coupling, and control forces more difficult.
In the X-22A, the levels of stability augmentation and the sensitivity of the pro-
pulsion system control also vary in transition. Equations of motion that simu-
late transition should accommodate both the nonlinear characteristics and

the variations in configuration. The degree of accuracy to which these factors
are represented, and the number and nature of simplifying approximations
made, affect the realism and degree of fidelity of the mathematical model in

14
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representing the static and dynamic characteristics of flight; the more exact the
model, the more complex and expensive the simulation. For many design pur-
poses, simplifications that minimize equipment requirements can usually be
justified. Such simplifications include small-angle approximations, iinearization
of aerodynamic stability and control derivatives at specific operating conditions,
reduced degrees of freedom, and fixed-base simulations.

Other factore affecting simulator realism and fidelity are related to the type and
nature of the cockpit instrumentation. These factors are particularly important
for IFR flight conditions or in fixed-base simulators, where the pilot receives
the necessary flight information and cues from visual presentations of key
parameters which are normally perceived over wider ranges by a combination
of visual, kinesthetic, aural, and vestibular sensations; the flight envelope of
useful simulation is directly related to the inherent limitations of the flight in-
formation presented, independent of the mathematical mode!.

Still other factors affecting simulator realism and the fidelity of dynamic re-
sponse are related to moving-base simulation. These factors include the
physical limitations imposed on the linear and angular displacements, the

lack of realistic visual cues for higher speed applications, and the introduction
of extraneous cues associated with the operation of the motion equipment. These
factors introduce perceptual limitations in the form of unrealistic visual, aural,
vestibular, and kinesthetic cues that can evoke distorted pilot reactions and
negate some of the apparent advantages of moving-base simulations in certain
applications.

Categories of Factors and Tasks

The many factors affecting the data were resolved into two broad but essentially
different categories: factors in common and variable factors (itemized in Table
I). The first category contains those factors that must be controlled to represent
the aircraft flight behavior properly; it includes aerodynamic parameters, air-
craft physical parameters, most simulated aircraft system variables, pilots,
flight conditions, and flight tasks. The second category contains those less
controllable factors that may or may not differ, depending on individual simu-
lator characteristics; it includes most elements of the simulation, such as
simulator type, mechanization of equations of motion, degrees of freedom, in-
formation displays, physical environment, and physical and psychological ~1es.
Some of these factors can be controlled to an extent during simulator design to
improve the realism and uniformity between different simulations of a particular
aircraft, but most require interpretation in terms of the individual simulator
type. In making the initial data review all of these factors were kept in mind,
but the common factors category was foremost, since a significant discrepancy
there would jeopardize the data comparisons.

15
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TABLE I. FACTORS AFFECTING SIMULATION FIDELITY

Factors in Common Variable Factors
Aerodynamic Parameters Simulator Type
Aircraft Physical Parameters Equations of Motion
Control System Parameters Degrees of Freedom
Feel System Parameters Informaticn Displays
Propulsion System Parameters Physical Environment
Pilots Physical and Psychological Cues
Flight T. sks
Flight Conditions

Factors in Common

In the selection and generation of the comparable data in this program,
factors in this catego: ; were carefully controlled. As a result, there is
an abundance of commonality among pilots, flight conditions, flight tasks,

aerodynamic stability and control parameters, and system characteristics.

The basis of comparison is given in this section. All aerodynamic and
system parameters are based on the final preflight estimated character-
istics of the X-22A, published in References 2 through 8. All simulator
data are based on nominal estimated values of the final aircraft physical
parameters, as given in Table II.
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TABLE II. AIRCRAFT PHYSICAL PARAMETERS
Weight 14,700 1b
Rolling Moment of Inertia, L 15,000 slug--ft2
Pitching Moment of Inertia, Iy 32,000 slug-ft2
Yawing Moment of Inertia, Iz 45,000 slug-ft2
Product of Inertia, Ixz 4,650 slug—ft.2
Center of Gravity, Station 3_12 in.
Center of Gravity, Waterline 138.7 in,

Aerodynamic derivatives used for the linearized simulations, BLFB and
ALMB, are listed in Table III. These values were developed from the
BHFB nonlinear data tables as equivalent linear values at the flight con-
ditions noted,

Estimated FULL SAS levels provided in the X-22A are compared in
Table IV to the levels used for FULL SAS in the various simulation pro-
grams, Variations ranging from FULL SAS down to NO SAS were
generally evaluated in each program to provide a convenient means of
interpolating or extrapolating the data to a common SAS level. This
refinement was necessary because of differences in the FULL SAS
levels of the existing simulator data, which came about as the result
of periodic reassessments of pilot-recommended SAS levels with in-
creasing flight experience in the aircraft. These differences in SAS
have been accounted for in interpreting and summarizing the final
results. but the detailed data compilations presented in Appendix II
are uncorrected,

17




TABLE III. AERODYNAMIC DERIVATIVES USED FOR THE
LINEARIZED SIMULATIONS

F.O.P.
Transition
Derivative Hover A=30°, V = 80kn
(Body Axes) (a =3.5% (a =0°) Units
Xy -0.233 -0.164 1/sec
X, 0 -0.072 1/sec
Y, -0.245 -0.264 1/sec
Yp -0.774 -1.098 (ft/secz)/(rad/sec)
¥ 0 0.842 ' (ft/secz)/(rad/sec)
Z, 0.00275 -0.253 1/sec
Z, 0.00275 0 1/sec
Zy -0.098 -0.525 1/sec
M, 0.0224 -0.00326 (rad/secz)/(ft/sec)
My, 0 -0.00834 (rad/secz) /(ft/sec)
Ma -0.13 -0.57 1/sec
Ly -0.056** -0.044 (rad/secz)/(ft/sec)
Li')‘ -0.30 -1.873 1/sec
Ly 0.177 0.727 1/sec
2
L, rp 0 0.033 (rad/sec”)/in.
L, rp/V 0 -0.00337 rad/(t‘t-s:c-in.)
N, 0.0006 0.006 (rad/sec”)/(ft/sec)
Np 0 -0.025 1/sec
N* -0.148 0.25 1/sec
N, 0 0.0192 (rad/secz)/in.
rs

N -0.0006 -0.0005 | rad/(ft-sec-in.

8 rs/v { )

* Values given are basic airframe.
** This value was "1sed in the BLFB and ALMB. A value of -0.0394 was used
in the BHFB.
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TABLE IV. COMPARISON OF FULL SAS LEVELS (1/sec)
FOR SIMULATORS AND AIRCRAFT
F.O.P. Transition
Hover A=30°, V =80 kn
Case Axis Aug Unaug Aug Unaug
X-22A Pitch -6.2 -0.13 -4,55 ~-0.67
(Est)
and
BLFB Roll -5.9 -0.283 -2.1 -1.9
Yaw -2.1 -0.15 -2.1 -0.38
BHFB Pitch -3.45 -0.13 -3.0 -0.67
Roll -4.5 -0.283 -1.7 -1.9
Yaw -1.0 -0.15 -0.98 -0.38
ALMB Pitch -6.2 -0.13 -4,55 -0.67
(’8.0)
Roll -5.9 -0.283 -2.1 -1.9
(-10.0)
Yaw -2.1 -0.15 -2.1 -0.38
: _ Aug
NOTE: 1,2 SAS = Unaug + -3
Values in parentheses were used for the bulk of the ALMB
program, on recommendation of MPE pilots who felt that
they were more representative of the aircraft. Lower
values apply to Pilot H only.

o
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Control powers, control travel, and feel system parameters were essen-
tially the same as the airc raft design levels for all simulations. These
characteristics are compared in Table V for the hover control mode.

TABLE V. HOVER CONTROL SYSTEM PARAMETERS

Control Force

Breakout Gradient
(lb)y (Ib/in.)
Control Control Control |BLFB BLFB
Axis Power Motion & &
BHFB|ALMB| FLT|BHFB | ALMB| FLT
2 |
Pitch 3.40 rad/sec |5.6in. [1.21 | 0. [0.5 | 1.0 0.8 |[1.2
2 |
! Roll 3.25 rad/sec | 5.2 in. 1.13 | 0.25 }0.5 | 1.1 0.8 |1.2 |
i
Yaw 0.70 rad/sec2 3.25in. | 3.0 2.5 |[5.0 0to 0 0
5
Collective 1.35¢ 9.0 in. - - Optional
Friction
Setting
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Propulsion system thrust level, response time lag, and thrust control
sensitivity were also based on final wind tunnel and systems test results
for the collective control mode. These characteristics vary continuously
with forward speed in transition. Selected values for hover and fixed
operating point transition at A =30°, V = 80 kn, are given in Table VI.

TABLE VI. THRUST CONTROL AND PROPULSION SYSTEM
PARAMETERS (COLLECTIVE MODE)

F.O.P. Transition
Parameter Hover A=30°,V =80kn
T lb 19,800 14,800
max
= ; sec 0.2 0.2
T
Z g/in. 0.15 NA
& T

The list of flight conditions and flight tasks evaluated in the study was
developed from an initial examination of the available flight data to
facililate a more specific search of the simulator data. The list includes
only well-performed flight tasks. Incompletely documented tavks and
those considered to be inappropriate to the simulations being compared
are excluded. Tasks in the final list, as presented in Table VII, represent
those for which data comparisons were made. All tasks are broadly
covered by simulator data as a result of the existing and additional simu-
lator programs.
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TABLE VII. FLIGHT TASK CATEGORIES

Hover Task Mﬂ

Height Control - Holding heading

Attitude Control - Holding attitude

Translations Forward, Aft, and Laterally at Steady Altitude
Hovering Turn Performance

Hover in Ground Effect

Dynamic Flight Tasks in Hover

Fixed Operating Point Transition Task Category

Longitudinal Trim and Static Stability
Longitudinal Long-Period Dynamic Mode
Longitudinal Short-Period Dynamic Mode
Directional Static Stability

Banked Turns

Lateral-Directional Dynamic Mode

Continuous Transition Task Category

Conversions at Steady Altitude
Reconversions at Steady Altitude

————— g

Variable Factors

The nature of most factors in this category of Table I is inherent in the
simulator type. Individually, they are difficult to isolate or to define in
specific terms. Hence, results should be viewed on an overall basis as
reflecting fundamental and inherent differences that exist between one
simulator type and another or between individual simulators and flight.
These variable factors can affect the data indirectly, by the sometimes
subtle differences in physical and psychological cues which the pilot needs
to perceive his flight situation and to perform his tasks. These cues and
stimuli can stem from many sources, including cockpit motion, peripheral
vision, cockpit environment, cockpit instrumentation, control forces and
movements, general noise and vibration levels, and changes in sound level
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as the result of pilot action, the precise definition of which is the subject
of current study by a variety of organjzaticns and individuals.

Since the breadth of this study precluded the isolation and evaluation of p
all of these factors individually, their impact on the results was reduced
to a practical minimum by the exercise of control over the experimental
design. For example, essentials of the physical environment were con-
figured to be the same; that is, the pilot station layout and the locations,
forces, and motions of the flight controls were the same in the simulators
as in tlight. Flight information displays and their locations were also
basically the same in all simulators. Computational differences in the
equaticns of motion among the different simulators werc evaluated by an
analysir of the static and dynamic responses to pilot inputs at fixed
operating points, as compared to flight; selected examples are presented
and discussed in Appendix ILI. Results of this analysis demonstrate that
there is no significant influence of the differences in the mathematical
models among the simulators for flight tasks performed at fixed operating
points, and that responses in the simulator agree with responses in flight,
within the ability of the pilot to detect a difference. Other comparisons of
control positions and flight attitude from continuous transitions performed
in the BHFB simulator with flight results show that the nonlinearized
aerodynamics in transition were representative.

In addition, some of the variable factors were evaluated to a limited ex-
tent as independent variables to aid in understanding and interpreting the
numerical pilot ratings. Relative effects of reduced degrees of freedom
were evaluated independently in the BLFB simulator. Relative effects
of cockpit motion were investigated by a limited evaluation of linear
motion scaling in the ALMB simulator over a range from 1/10 actual

to true motion. Results and implications of these brief side studies are
discussed under Analysis and Discussion of Simulator Data Correlations
with Flight. These foregoing measures served to materially reduce the
number of unknown influences in the final results.

Pertinent details of the BLFB, BHFB, and ALMB simulators relevant to
the variable factors category are presented and discussed in other sections
of the report; some are under Description of Simulators, and others are

in Appendix I which contains details of the equations of motion and
mechanization. The various sources of physical and psychological cues
and stimuli were classified into the following six categories: visual,

aural, vestibular and kinesthetic, tactile, olfactory, and physical and
environmental features, which are compared in Table VIII. The degree to
which each of the three simulators represented the aircaft in each
category is implicit in the comparisons.
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DATA BASIS

Data employed in this study consist of quantitative pilot ratings, qualitative

pilot comments, and time history records of all significant flight parameters.
Pilots providing these data were all highly trained, experienced handling
qualities evaluation pilots. No single task was performed by less than two pilots,
and many were performed by as many as seven pilots. Pilot rating results
obtained were evaluated task by task and were interpreted in terms of signifi-
cant variables of the study and with respect to pilot comments and an evaluation
of the time history records. Intuitive and engineering judgments of the effects

of pilot background and temperament were made where appropriate.

Pilot Samp_ le

The pilot group consisted of the Bell X-22A test pilots and the MPE-1 Tri-
Service evaluation team, which included pilots from each of the three service
branches. All of these pilots have flown the X-22A aircraft in hover, made
complete transitions in both directions, and evaluated certain selected fixed
operating points in the transition flight regime. The individual pilot particip-
ation in the various sirnulators is summarized in Table 1X. The overlapping
coverage provided by the use of such a broad pilot sample enhances the value
of the data correlations by adding an important element of consistency among
the various simulations and flights.

TABLE IX. SUMMARY OF PILOT PARTICIPATION
Pilot
Simulator A B C D E F G H
BLFB = S - - = X - X
ALMB - X X X X X X X
BHI'B X = X X - X - X
Flight X X X X X X X X
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Piiot Rating Data

Since the numerical Cooper pilot rating scale was proposed in Reference 9 as

a quantitative means of evaluating handling qualities, many investigators have
successfully employed the technique to gain insight and understanding of the
man-machire relationships in a wide range of flight and simulator research
applications. Areas that have been investigated include criteria for acceptable
handling qualities, design requirements for stability and control, and thresholds
of pilot sensitivities and tolerances to specific handling qualities dynamic
parameters. As a result of broad usage, the Cooper scale has become generally
accepted in the handling qualities field. Numerous studies in the literature have
used this approach and have established and expressed confidence in the validity
of the pilot rating data  in spite of the somewhat subjective aspects of pilot
opinions in general. Based on their experieace in this line, McRuer et al state
in Reference 10 that "In fact skilled pilots (such as the group employed in the
present study) can deliver highly selective and reliable relative measures of
system behavior' and that "these judgments . . . do not exhibit the extreme
variability common to opinion polls." By using such a highly skilled pilot
sample, thresholds of pilot sensitivity and tolerance to individual dynamic
response parameters that affect the handling qualities of conventional aircraft
were defined by Newell in Reierence 11. That report confirms that the handling
qualities evaluation comments that are given by an expert handling qualities
evaluation pilot are directly applicable to all pilots and are not biased by any
unusual charactertistics that might be attributed to handling qualities pilots

as a group. The report also states the fact that the standard deviation of pilot
ratings (for a given pilot task) is near to and often less than 1 pilot rating unit ,
and uses this measurement as the definition of threshold uf pilot sensitivity to
individual dynamic response parameters. This line of investigation was ex-
tended to helicopters and V/STOL aircraft by Streiff in Reference 12, where the
threshold of pilot sensitivity was considered to be 1/2 pilot rating unit based

on data presented in Reference 13, which shows that individual pilots correlate
with the group average with an average deviation of approximately 1/2 pilot

rating.

The use of pilot rating data in this report as a primary source of quantitative
handling qualities data is based on these considerations. In deriving the cor-
relations presented between simulators and flight, pilot ratings obtained for
any given task were averaged. Only data that could be interpolated to account
for variables in the factors in common category were used. Good agreement
was generally obtained among pilots for any given task, so that trends of
averaged data are considered to be accurate to within 1/2 pilot rating. The
variations of pilot rating data among the individual pilots for each task are
presented in the compilations of Appendix II.
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Acquisition of both pilot ratings and pilct comments was expedited through the
use of a comprehznsive series of pilot oebriefing questionnaires that were
developed specificaliy to evaluate elementarv control tasks in hover and transi-
tion. A multiple-choice forma* cousisting of five relative-value adjectives for
each task was used. An example questionnaire showing the breadth of detail
and general format is given in Figure 5. These questionnaires proved to he
extremely useful in gathering, organizing, and correlating the data task by task.

Pilot Rating Scale

The pilot rating scale used for these tests was condensed for the convenience of
the pilots. The condensation was based on the revised Cooper rating scale which
has been published in Reference 14. The actual form used is presented in

Table X.

Time History Records

Continuous time histories of significant flight parameters were recorded in
conjunction with all flight tasks performed, both in the simulators and in flight.
To simplify analyses, record formats, parametric scalings, and paper speeds
were standardized. Voice recordings of pilot comments were made. Simul-
taneous records wer2 synchronized and individual tasks were identified as the
records were being made to facilitate the subsequent data correlation and
analysis. The validity of the aerodynamic representation in the various simu-
lations is demonstrated by analysis and comparison of static and dynamic
simulator results with flight. Details of thesc analyses are g:.en in Appendix III.
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TABLE X. REVISED PILOT RATING SCALE *

Acceptable/Satisfactory

Excellent

Good

Good enough without improvement
Acceptable/Unsatisfactory - Mission degraded

Annoying - improvement requested

Mildly objectionable - improvement needed

Very objectionable - major improvements needed
Unacceptable - Mission performance seriously impaired

Inadequate for Mission - improvement mandatory

Controllable with diffi~ulty - substantial pilot attention required

Marginally controllable - maximum available pilot attention
required

Uncontrollable - Mission impossible

RCR

10

14

* Adapted from CAL Report 153" .,
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ANALYSIS AND DISCUSSION OF SIMULATOR DATA
CORRELATIONS WITH FLIGHT

In this section averaged pilot rating data are summesrized task by task and are
compared with flight for each major flight task category. Results in each cate-
gory are discussed and interpreted with respect to pilot comments and dynamic
response time history data,

The broadest data coverage was obtained for the hover task category, where
cases to compare with flight are presented for ali simulators and most tasks.
The next broadest coverage was obtained for the fixed operating point transition
task category, where comparisons for longitudinal tasks were made with flight
for al! simulators. Lateral-directional dynamics at fixed operating points in
transition are compared with flight for the fixed-base simulations; they were

not compared for the ALMB because of difficulties experienced with its mechani-
zation, For the continuous transition task category, flight results are compared
with results from the BHFB simulation because it is the only simulator that can
perform continuous transitions at the present time,

Summaries of tasks in each category are based on analysis of the detailed com-
pilations of pilot rating s and comments presented in Appendix II, Summarized
data include appropriaie corrections for any differences in SAS levels, among
cases compared, Resulis represent the consensus of pilot opinion of zsimulated
characteristics of the basic X-22A as compared to flight, Significant correla-
tions and conclusions based on trends of pilot ratings and comments with other
variables and factors evaluated are contaired in the discussions of the individual
tasks presented and analyzed in the following sections,

HOVER TASK CATEGORY

Pilot ratings and interpretations of pilot comments for the series of hover tasks
evaluated in the different simulations are summarized and correlated with flight
results in Table XI.

Height Contro! Task

Compared with flight, overall ratings of the height control task ran approxi-
mately 1/2 unit more difficult on the fixed-base simulators and 1/2 unit easier
on the moving-base simulators, Although opinion varied among individual
pilois, thie consensus was that the overall height control task, in hover, trans-
lation, and 12 climb and descent maneuvers, was reasonably representative of
the aircraft in all simulators, This observation is subsia,tiated by the evalua-
tion of height response to collective stici inputs presented in Appendix 11I, A
6-DOF linearized simulation was judged to be the minimum adequate for pilot
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training. Cockpit motion is also highly preferable, especially when handling
qualities are borderline.

Both the BLFB and the BHFB are considered to be equivalent for the height
control task on the basis of the pilot ratings and comments received and the
comparisons of dynamic response time histories. The fixed-base simulators
were considered to be more difficult to fly than the aircraft, because the verti-
cal cues provided were generally inadequate substitutes for the visual motion
cues available in flight. Pilots with the most experience in these simulators
felt that vertical rate was a prime cue, because it helped them to anticipate
height changes, but pilots with less simulator time found it difficult to use. In
general, pilots seemed to be able to hover and maintain altitude satisfactorily
after a reasonable amount of practice, Performance of the task was imparied
by the lack of a hand support for making small adjustments to the collective
stick which had a tendency to drop slightly from the set position, These factors
probably contributed to some slight degradations in simulator ratings relative
to flight, but the effect on the data is believed to be uniform since the same
collective stick was used for all simulators.

The fact that the ALMB rated easier than flight is attributed to the unobstructed
view from the cockpit that provides even better peripheral-vision cues than are
available in the aircraft. Still another factor is an unconscious tendency of the
pilot to maintain a tighter control loop in the ALMB than in the aircraft in his
efforts to stay well within the confines of the flight cube. In this way, adverse
aerodynamic effects that have been included in the simulation are prevented
from developiag as they do in flight, where the unlimited flight space encourages
a more relaxed pilot control loop. Vestibular motion cues were judged to play
a relatively minor role in the height control task, because vertical accelera-
tions in hover are ordinarily low and were masked to a large extent by turbu-
lence which was introduced by the gus. model. Without gusts, slightly better
ratings were obtained.

All simulations were judged to be generally representative of the aircraft, in
that steady hover and rates of climb and descent could be readily established
and maintained, and there was essentially no attitude coupling with thrust con-
trol inputs. As in the aircraft, height control in translation was more difficult
than in climb and descent because of vertical and angular acceleration charac-
terisiics which accompany translation and which degrade the height control
rating by about 1 unit,

With decreasing SAS levels, the height contro! task remains the same, but the
ratings suffer a gradual erosion due to increasing levels of work load and pilot
concentration required for attitude control, Reductions from FULL to 1/2 SAS
are generally in a range of low pilot sensitivity, where for a wide range the
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effect on handling qualities of changes in SAS parameters is very nearly within
the threshold of the pilot's ability to detect. Pilot ratings received in this range
were only moderately degraded for both fixed- and moving-base simulators,
For the height control task, this degradation amouried to approximately 1 unit
in the fixed base and 3/4 unit in the moving base. Further decreases in SAS
level enter the range of higher pilot sensitivity, where the differences in cues
between fixed- and moving-base simulations are much more significant, As
the work load increases, the pilot spends more and more time on the attitude
control task, so that he tends to withdraw his attention from the height control
loop and tolerates increasingly greater variations in altitude. With the visual
and motion cues available in the ALMB, several pilots evaluated the condition
of NO SAS, giving the height control task an average rating that was degraded

3 units from the FULL SAS condition, In comparison, most pilots were unable
to fly the fixed-base simulations with NO SAS, a fact which emphasizes the
importance of visual and motion cues at the reduced levels of damping.

Attitude Control Task

The summary of pilot ratings for attitude control in hover that appears in

Table X1 displays good agreement with flight results., Ratings for all simu-
lators agree with flight results within +1/2 pilot rating unit, which is ordinarily
considered to be within the threshold of pilot sensitivity, Because of the in-
herently high control powers and sensitivities, attitude response to control was
immediate about all axes; most control inputs consisted of verv small amplitude
control spikes., In general, roll attituc: was rated slightly more difficult to con-
trol than pitch, particularly in higher steady-wind conditions, where duct
rotation could be used to alleviate the pitch attitude but not the roll attitude, In
the ALMB and in flight, the procedure of trimming the higher pitch attitudes
with duct rotation was actually preferred by all pilots, With the fuselage
relatively level, the pilots were better able to judge the effects of control inputs
and to avoid the disorientation that occurs when pitch attitude, and hence their
own physical orientation, departs excessively {rom the accustomed norm,

In the aircraft, the yaw axis is rated the best control axis in hover. The rudder
pedals arc very effective, and yaw control activity in steady hover is minimal,
There is a slight tendency to settle in height with yaw control inputs, but there
is no other coupling due to yaw control, In the simulators, the yaw axis is also
considered to be best, Ratings in the ALMB agreed bost with {light, probably
becausc of the better visual cues and the tighter control loop required by the
limited flight cube. Ratings in the BLFB and BHFB average approximately

1/2 unit worse than {light, The diflerence in rating is attributed to persistent
difficulties with yaw trim drift, which is a typical complaint for IFR tasks

even for in-flight tasks. The (ixed-baso yaw control ratings were also degraded
because of the nature of the yaw display, which was considered to bo a pooy and
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unrealistic presentation, Suggested improvements included the simulation of
peripheral-vision yaw rate cues in some form,

The stabilized hover task in thc fixzd-base simulator was considered to be
ro2ghly equivalent to the moving base, despite a different piloting technique
that was used, The difference arises from the realistic physical attitude cues
developed in a moving-base simulator in steady winds (and/or during trans-
lation maneuvers). These cues are generally helpful and increase in impor-
tance as damping levels and visual attitude cues diminish, In fixed-base simu-
lators, these physical cues are obtained by continuously scanning the attitude
scope presentation, From the ratings and comments received for near-optimum
levels of damping, the stabilized hover task is judged to be relatively easy and
compares reasonably well with flight, whether performed as a VFR or an IFR
simulator task,

With decreasing SAS levels in the aircraft and in all simulators, pilots com-
mented on an increased level of control activity required, but they felt that for
the task of steady hover near trim, they could compensate readily for 1/2 SAS
levels in the pitch and roll axes without degrading their ratings significantly,
On an average, ratings cbtained in the ALMB with gust levels judged to be
representative of flight showed essentially no degradation in rating for 1/2 SAS;
the ratings showed a decrement with NO SAS of approximately 3.25 rating units
for pitch and roll control, which degrades the overall pilot rating to 6,0 from the
FULL SAS value of 2,6, Ratings of yaw control degraded with reduced levels of
SAS by an amount which was approximately the same for all simulations as in
flight; from 3/4 to 1 unit for 1/2 SAS, and from 2 to 2-1/2 units for NO SAS,

Results of the moving-base simulation with NO SAS are generally in agreement
with X-22A flight experience obtrined in and around hover trim, and they con-
trast sharply with performance ia the BLFB and BHFB simulators, which were
uncontrollable with NO SAS, As previously mentioned, this disparity in pilot
ratings and performance points up the lmportance of visual and motjon cues for
flight systems with design values of dynamic parameters in ranges of high pilot
sensitivity,

Gust levels evaluated in the ALMB produced essentially lincar accelerntions

and presented no attitude cuntrol problem. The higher gust levels evaluated
were judged to be much stronger than those ever experienced in flight with FULL
SAS. Attitude response to peak gusts was minimal and 1n agreement with {light
results, At 1/2 SAS, gusts were more noticeable but still caused no particular
proble:n., Even with the unrealistically high gust levels, the ALMB simulaton
could bo flown with NO SAS by maintaining a tight control loop. Since aero-
dynamic coupling terms about the yaw a.is in the X-22A are negligible, winds
and gusts had no particulir influence on the yaw control ratings {or any level

of SAS,
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Translation Tasks

Both forward/a’t and lateral translation maneuvers were considered to be the
most realistic tasks performed in all simulators, as indicated by the summary
of pilot ratings in Table XI. In the aircraft, the task of steady translation is
like the attitude control task of hover in a steady head or crosswind, both in
pilot technique and flight behavior, except for the visual motion cues that
accompany the translation, As performed in the simulators, these tasks were
even more alike since visual and vestibular motion cues were available in the
ALMB simulator only during transient motion and not in steady state, The
ratings given for the translation task include consideration of the initiating and
terminating transient response. Forward translations in flight are easy to start
and stop. Only small control inputs are required, and aircraft response is
immediate, Because of this rapid response, the controls resemble an attitude
command system, and there is a tendency to overshoot and P10 without con-
scious preventive effort. Some collective control with speed change is also
required, making an equilibrium speed somewhat difficult to achieve. However,
once obtained, an equilibrium speed can be maintained quite well by monitoring
attitude. All of these behavior characteristics were represented very well in
all simulators. Control positions and forces required to perform and stabilize
maneuvers were very much like those required in flight, At the higher forward
translation speeds, pilots preferred to trim the higher nose-down pitch attitudes
with duct rotation, either to maintain a more comfortable attitude, as in the
ALMB and in flight, or to keep the horizon trace centered on the scope pre-
sentations, as in the BLFB and BHFB, Very high pitch attitudes were degraded
relative to the level fuselage condition by approximately 2 pilot rating units,
with nose-up attitudes being rated slightly easier to stabilize than nose-down,

Lateral translations in the aircraft were also considered to be an easy task but
more difficult to stabilize than in the forward direction, because the concept
does not provide for roll attitude trim, This effect is particularly noticeable

at lateral speeds above 15 knots, where the roll angles developed start to feel
large and uncomfortable. In this respect, the ALMB simulation and its physical
attitude cues is most representative of flight, The degradation in pilot ratings
at the higher bank angles amounts to approximately 2 units in the ALMB, as
compared to 3 units in flight, A lack of capability for lateral stick trim in the
ALMB was considered to be annoying, but it was generally compensated for by
the pilets without significantly affecting the ratings. In making lateral trans-
lations, particularly in the BLFB and BHFB, the pilots felt that roll attitude
was more difficult to monitor than lateral speed. In all simulators, as in flight,
lateral translation maneuvers were easy to start and stop, Representation of
control response was very good, and, as in the aircraft, restraint was required
to avoid a noticeable tendency to overshoot and PIO, a tendency which became
objectionable at reduced levels of SAS. A reduction from FULL to 1/2 SAS
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seemed to have a more pronounced effect on the ratings for lateral translations
than for forward translations, and produced a gap between the fixed-base results
and the moving-base and flight results that continued to widen with further de-
creases to NO SAS, In the ALMB and in flight, ratings for levels between FULL
and 1/2 SAS held approximately constant for forward translations and degraded
by about 1/2 unit for lateral translations, These results compare to no degra-
dation for forward translations and a degradation of 3/4 unit for lateral trans-
lation in the BLFB and BHFB, Further reductions to NO SAS gave degradations
of approximately 3 units from the FULL SAS values for the moving-base simu-
lator, as compared to uncontrollable ratings for the fixed-base simulator,

An evaluation of the effects of gusts in the ALMB indicated that, in typically
gusty air, ratings of the translation tasks degraded by about 1 rating unit at
FULL SAS and by 1-1/2 to 2 units for 1/2 SAS,

Hovering Turn Task

Hovering turns, which in flight are among the easiest tasks, are among the most
difficult to simulate realistically because of the large range of motion and
peripheral-vision cues required, In flight, the aircraft can make 360° turns
with ease, and the pilot can stop and hold heading at any point in turn, In winds,
duct rotation is usually coordinated with pitch and roll control to help limit
drift without developing excessive pitch attitudes.

The ALMB simulation was the most realistic, but heading excursions were
limited to +40°, Yaw maneuvers and heading changes in this range were rated
very similar to those performed in the aircraft. In performing the task, the
nilots used visual cues exclusively; these were judged to be better than the
visual cues in the aircraft because of the proximity of the walls and the un-
obstructed view from the simulator cockpit. As in the aircraft, small pedal
inputs produced a steady-rate turn, whereas larger inputs seemed to produce
an accelerated turn, These characteristics are explained in Apperdix 1II,

With reduced levels of SAS, pilot work load increased because the pilot had to
enter the loop earlier to prevent his heading from drifting. Effects of gusts
were more noticeable with 1/2 SAS, Slight tendencies to overshoot and PIO
were also more noticeable with 1/2 SAS, and pilot ratings were degraded by
approximately 1 unit from FULL SAS. With NO SAS, the work load increased
further, and the FULL SAS rating was degraded by 2 to 2-1/2 units,

In both the BLFB and the BHFB the simulated aerodynamic and control response
characteristics were the same but without peripheral-vision cues. The heading
trace went off the scope at about +30°, and additional heading information was
provided by a second instrument which indicated a range of +180° for making
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larger turns. With these instruments, pilots were able to ~hange heading

easily and rapidly, but they felt that the displays were not adequately represent-
ative of the true flight cues. The simulator also exhibited a persistent drift in
yaw trim, which is known to be typical even of in-flight IFR tasks. However,
the drift annoyed the pilots and contributed to the unreal impressions of the
displays.

The pilot ratings in Table XI for hovering turn performance in the various
simulators were generally good, reflecting more the relative ease of the simu-
lator task than its realism compared to flight. Since the flight task is also
easy, the ratings compare well, but for this task all simulators are considered
to be limited. The ALMB is rated best for VFR simulation of turns within its
limited angular travel. For IFR simulations, all simulators need improved
displays.

Hover Task in Ground Effect

Results of a series of flights in the ALMB which evaluated the hover control
characteristics in simulated ground effect, as compared to flight, are sum-
marized in Table XI. Ground effects simulated include thrust, pitching moment,
rolling moment, and yaw control moment dependencies. The summary of pilot
ratings represents an average of the broad pilot sample used both in the ALMB
simulation and in flight.

Ground effect in the aircraft is characterized by a high level of turbulence,
which produces random forward and lateral accelerations, and by a strong
ground cushion with a region of reduced or possibly negative ground effect
slightly above. With these height characteristics, the aircraft tends to hang
suspended a few feet above the ground and requires definite coliective inputs in
order to ascend and descend through ground effect. The cushion characteristic
as simulated was considered to be fairly representative of flight, but it occurred
at a lower altitude and did not seem to be as strong. Pilot judgments were made
by performing hands-off vertical oscillations and general hover maneuvers on
the cushion, as was done in flight. Attitude contrc! techniques and rating trends
were similar to those obtained out of ground effect (OGE). Ratings of ground
effect without turbulence ran significantly better than flight, and the simulation
was considered to be definitely not representative. The turbulence level in
ground effect (IGE) was simulated with a random gust model which was evalua-
ted for several gust levels. The lowest gust level tested provided the best rep-
recentation when introduced in the x and y inertial directions.

The incorporation of appropriate levels of turbulence greatly enhanced the

realism of the overall ground effect simulations. Ratings for hover with turbu-
lence IGE degraded approximately 1.7 units, which is much closer to the flight

37



result but still better by about 1 unit. Since this result is based on a large
pilot sample and the ratings are consistent, the correlation shows that a deg-
radation of 1 pilot rating unit should be applied to moving-base simulator
ratings of hover IGE when appropriate levels of turbulence are used. Pilot
rating results of simulations without turbulence should be degraded by 3 pilot
rating units to account for ground effects.

Effects of Motion on the IFR Hover Task

The effects of motion cues on the realism of IFR hover simulations were ex-
plored briefly and qualitatively in the ALMB simulator. Piloting tasks were
similar to those used for the BLFB and BHF B hover tasks. The lower oscillo-
scope displayed horizontal position with respect to the boundaries of the flight
cube as well as ground velocity. A range of reduced linear motion scaling
from fixed base to true motions was explored. In fixed-base operation, pilot
reactions were slower than in flight because of a general lack of anticipatory
cues. Angular motion alone was a significant improvement. Hence, when
linear motion scaling was evaluated, angular motion scaling was main-
tained in the ratio of 1:1. Although the amount of data obtained was limited by
a lack of time, several interesting results were obtained, and the investigation
represents an initial effort to sort out the significant factors related to fixed-
and moving-base IFR simulation.

With FULL SAS and a 10:1 linear motion scaling, which effectively increases
the size of the flight cube, control activity in hover was rated high to excessive,
and on a par with BLFB and BHFB results previously obtained. No particular
difficulty was experienced with the various hover flight tasks and gust levels
evaluated. Although linear accelerations were generally too low to be felt,
physical attitude cues were evident and were considered to be definitely helpful.
Even with this scaling, the work load in first attempts was high, and occasional
linear excursions covered most of the flight cube. However, both pilot
performance and ratings improved with practice. With increasingly realistic
ratios of motion scaling (i.e., scaling = 1:1), the hover tasks became progres-
sively more difficult because larger attitude changes and faster judgments and
control motions were required just to stay inside the smaller flight cube; once
a large control displacement was required, it was very hard to regain control.

It was found that the level of pilot learning played an important role in evaluating
which linear motion scaling in IFR is most representative of VFR operation.
Most pilots were introduced first to the 1:1 ratio of linear motion scaling,

and ratings of the hover work load ranged from extremely difficult to intoler-
able for the size of the flight cube. However, further flight experience with a
progressive series of scaling ratios ranging from 10:1 back down to 1:1 re-
sulted in an improved hovering capability and upgraded pilot opinions. Height
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control was a slight problem under IFR conditions, but typical gust levels could
be managed quite well. A 3:1 linear scaling was considered to be #poroxi-
mately as difficult as, and equivalent in work load to, the VFR task with FULL
SAS (although in this scale, stabilized hover was difficult with 1/2 SAS and
uncontrollable with NO SAS). Nevertheless, with FULL SAS, ground position
and height control were not particularly troublesome; as in flight, the yaw axis
was considered to be the easiest to control.

Whereas the BLFB and BHFB could not be controlled in hover with NO SAS, it
was found that, at a motion scaling ratio of 10:1, the ALMB could, althcugh the
work load remained high throughout the flight task. Because the linear
accelerations were essentially imperceptible in this scale, the capability to
hover with NO SAS is attributed to the presence of the pitch and roll attitude
cues, which aided the pilot in interpreting the cockpit information displays and
anticipating the control motions required. This result has significance because
it demonstrates that a ground-pased simulator, which provides flight cues
through a combination of angular motion and visual instruments, can be flown
even in situations of high pilot sensitivity and should be sufficiently repres:nt-
ative of flight to permit the evaluation of many IFR hover tasks.

Hover Dynamics

A summary of pilot ratings and comments for dynamic evaluations of the in-
dividual control axes in hover is given in Table XII, as condensed from the
more complete data compilations presented in Appendix II. Ratings and com-
ments represent opinions of general handling characteristics in and around
hover and of a series of carefully performed step- and pulse-type control in-
puts for each control axis. Static stability aad dynamic response time history
records of significant flight parameters in each control axis for the different
simulations are analyzed and compared with flight results in Appendix III.
Based on the qualitative ccmparisons of Table XII and the quantitative com-
parisons of Appendix III, the simulated dynamic characteristics in hover are
judged to be in substantial agreement with flight. The dynamic characteristics
in each control axis are discussed in the following sections.

Height Dynamics

Response to thrust control in the ALMB was judged to be good, with a
height response time lag approximately the same as in the aircraft. Fixed-
base simulator results were also considered to be representative of flight.
Neither the simulators nor the aircraft exhibits any noticeable height
damping, and there are no significant couplings due to thrust control. In
the aircraft, a vertical oscillation.can be developed IGE. This character-
istic was simulated in the ALMB but was not noticeable. In the ALMB,
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degradations in pilot ratings of height control dynamics were obtained for
the effects of SAS and with gust level representative of flight. Degraded
ratings at reduced SAS levels were actually the result of increased pilot
concentration on attitude control, since the height parameters themselves
are unaffected by changes in SAS. These degradations amounted to 2 units
for a reduction from FULL to NO SAS without gusts and a further degra-
dation of 2-1/2 units for NO SAS with gusts. From the consensus of

pilot ratings and the comparison of time history records of height dynamics,
Figure 14, the dynamic height response characteristics as represented in
all simulators are judged to be equivalent to the aircraft in hovering flight.

Pitch Dynamics

Response to pitch control in and around hover was well represented and in
agreement with flight in all simulations. With FULL SAS, the aircraft
feels quite stable in 1over and responds very quickly to pitch control in-
puts. The response feels like an attitude control system, and, although
there is no over hoot. the aircraft feels like it might PIO if the controls
are moved too fast. The longer term response to pitch control inputs is

a couplea oscillatory motion involving attitude, height, and speed, with
essentially neutral damping and approximately an 8-second period.
Responses with ! 2 SAS are noticeably faster. Pitch dynamics in the air-
craft with FULL SAS are rated RCR 2-1/2. In the ALMB, the response

to pulse-type input was considercd more representative than pull-and-hold-
type pitch inputs, wh.ch were harder to evaluate because the size of the
flight cube limited t..c  ration of the maneuvers that could be performed.

Dynamic response L. r 1istories, of both pulse-type and pull-and-hold-
type pitch inputs in the . fferent simulators and in flight, are compared
in Figures 15 and 16 in Ap » ndix III. Responses of important parameters
were similar to flight in al' simulators; these results confirm the pilot
judgments that the represe - tion of pitch dynamics in hover is generally
equivalent to flight.

Roll Dynamics

In the simulators as in the aircraft, roll and pitch dynamics in hover are
similar. The response to roll inputs in and around hover is very fast. The
immediate response to a lateral stick input is a roll attitude. This
characteristic was well simulated in fixed- and moving-base simulators.
A speed-height-attitude coupled motion developed over the longer term as
in the pitch axis. This motion could not be fully evaluated in the ALMB
because of the limits of the flight cube. There was no apparent yawing
motion due to lateral speed. Response with 1/2 SAS was noticeably faster.
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Dynamic response time history records of pulse~ and step-type roll inputs
for the different simulators are compared with {light in Figures 17 and 18
and are discussed in Appendix III. Results indicaie that roll dynamics in
hover were well represented.

Yaw Dynamics

In the aircraft, with FULL SAS, yaw control sensitivity and damping are
rated satisfactory. Response to small inputs is a yaw rate (RCR 2), and
response to large steps is an acceleration response (RCR 4). There is a
mild but noticeable loss of height with yaw control. Responses with 1/2
SAS are noticeable faster. In the ALMB simulation, the yaw control re-
sponse characteristics were judged to be identical vith flight and much
better than the representation in either the BHF = or the BLFB simulations,
which were both downrated primarily because of their yaw information
displays. Another contributing factor was the FULL SAS value of yaw
damping in the BHFB, which was approximately 1/2 of the value repre-
sentative of flight. A lack of limits on SAS authority in the BLFB affected
only large control inputs in the yaw axis.

Dynamic time history records of responses to rudder pedal inputs in nover
. the different simulators and in flight are compared in Figure 19 and are
scussed in Appendix III. Results generally substantiate the observations

of the pilots.

FIXED OPERATING POINT TRANSITION TASK CATEGORY

For flight tasks in this category, all simulators were operated IFR, as com-
pared to VFR operation in fl.ght. Because the IFR simulator tasks were not
directly comparable to VFR flight tasks, pilots were reluctant to give numerical
ratings. Therefore, results obtained are more qualitative than in hover. Tasks
in this category are discussed under two subcategories: (1) steady flight tasks,
which include longitudinal static stability and trim, directional static stability
and dihedral effect, and banked turns, and (2) dynamic flight tasks, which in-
clude the longitudinal long- and short-period modes and responses to pitch
controls, and the lateral-directional dynamic mode and responses to ro'l and
yaw controls.

Steady Flight Task Category

Pilot ratings and comments received for tasks in the steady flight category in-
dicate that the aircraft characteristics, in general, were adequately represented
in terms of control forces and motions needed to achieve equivalent steady
flight conditions. A lack of pilot experience in the IFR simulators was found
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to have an effect on both performance and ratings, particularly in evaluating
regions of low static stability. The yaw displays were considered to be poor
and inadequate substitutes for the VFR cues that are available in flight. Turn
characteristics generally were well represented in all simulators. Turn
initiation compared well with flight, and control forces and motions were judged
to be comparable. The fact that all simulators were judged to be approximately
equivalent for IFR flight operation implies that a linearized 6-DOF fixed-base
simulator is sufficient for pilot familiarization and evaluation of handling
characteristics at steady flight conditions in fixed operating point transition.
The individual tasks in the steady flight categor; are discussed in more detail
in the following sect ons.

Longitudinal Stick Position Stability and Trim

The longitudinal flight characteristics of the aircraft at fixed operating
points in transition are dependent to some extent on the thrust control mode
of operation. Stick position stability characteristics vary over the duct angle
range, but in the collective mode at duct angles below about 60° they are
neutral to slightly negative. Pilots consider the aircraft to be generally
easy to fly but difficult to trim at a precise speed, attitude, or altitude.

Pilot opinions of these characteristics varied widely in flight, from RCR

2.5 to RCR 5.0 for VFR operation, the average being RCR 3.75. Although
considered to be satisfactory for a VSS research aircraft, these charac-

teristics were rate ceptable for IFR operation, and pilot ratings
received for IFR w«re degraded by approximately 2 rating units, toRCR
6.0.

In the simulators the stability and trim characteristics were actually very
well represented, as shown by comparisons of trim stick position versus
speed and hands-off time history records for all simulators with flight
presented in Figures 11 and 20. In the BHFB, pilots with little or no
experience in the aircraft found stability and trim difficult to evaluate,
and, although they had trouble trimming, their comments indicate that they
could not distinguish the true stick-position stability level. The BLFB and
the ALMB were evaluated by pilots with more experience, both with the
aircraft and with IFR fixed-base simulators. Although this pilot sample

is quite limited, both the comments and the ratings received agree well
with flight results. These results illustrate the importance of providing
pilots with sufficient learning time in the simulator to familiarize them-
selves with substitute flight cues, to practice coordinated control motions,
and to develop a proficient perceptive and reflexive capability, as a basis
for simulator evaluations,
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Static Directional Stability

Pilot ratings of static directional stability were obtained by observing the
results of rudder inputs and by the perforrnance of steady sideslips. At
all fixed operating point transition flight conditions evaluated, the aircraft
exhibits relatively strong stability (right pedal for nose right) bevond side-
slip angles of +2° and positive dihedral effect (left sideslip produces right
roll). In the range of sideslip between :2°, a reduced level of directional
stability is evident.

The simulators were judged to be representative with respect to control
forces and motions for comparable maneuvers. They also exhibited
positive directional stability as in flight. However, the yow displays were
considered to be poor and inadequate iu all simulators, and the BLFB and
ALMB were limited in sideslip capability by equipment difficulties related
to the computer and displays. Because of these problems, it was not
possible to establish a good correlation of pilot ratings for this task.
Nevertheless, the comparisons of pedal position versus sideslip angle and
bank angle indicate that directional stability was adequately simulated in
the BHFB and BLFB for flight conditions in and around trim.

Banked Turns

The turn characteristics of the aircraft were extensively evaluated through
the transition range. In general, a greater pilot effort is required to co-
ordinate turns than for most conventional aircraft. An initial adverse yaw
develops if the turn is initiated with the lateral stick only, but smooth turn
entries can be made by leading the lateral control with the rudder. Pilot
ratings obtained in flight averaged RCR 3.7.

Pilot comments and ratings of the different simulators indicate that turn
characteristics were generally well represented. In the BLFB, the response
to turn initiation was rated normal to fast, and turn entry compared well
with flight. Control forces and motions were also judged to be comparable.
Turns with bank angles above 20° were mor= difficult than flight because

of a restriction caused by equipment scaling, which was not corrected for
lack of time. In the BHF B, turn entry was also judged to be comparable,

but rudder motion required to coordinate the turn seemed low compared
with flights. In the ALMB, the task was performed IFR, and the response

to control motions was also judged to be approximately as in flight.
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Dynaiaic Flight Task Category

Pilot comments received for tasks in the dynamic flight category also indicate
that the aircraft was well represented in all simulations, and numerical ratings
for these tasks were more freely given. A summary of the pilot ratings and
comments for the dynamic flight tasks at fixed operating points in transition is
included in Table XIII. More complete compilations are presented in Appendix
II. Pilot comments for the dynamic motions are reasonably consistent among
simulators, and pilot ratings for all agree with flight within +1 rating unit for
all of the standard dynamic flight tasks.

The lateral-directional mode can be excited by several test techniques, including
walking the rudder and release from a steady sideslip. The best test technique
appears to be a cross-coupled lateral-directional spike. Lateral-directional
comparative results for the ALMB in transition were not obtained because of
difficulties involved with the simulation setup and a lack of sufficient time. How-
ever, the reasonable agreement obtained with the other simulators in the longi-
tudinal mode implies that similar results can be obtained with the ALMB in the
lateral-directional mode.

The agreement of simulator dynamic behavior with flight is also indicated by
comparisons of time histories of important flight parameters in Appendix III.
Results imply that the representation of the aircraft dynamic characteristics in
any of these simulators is adequate for flight evaluation and test pilot training
purposes.

CONTINUOUS TRANSITION TASK CATEGORY

The flight regime between vertical and conventional flight is spanned by a pilot-
controlled procedure that converts the aircraft in flight from one aerodynamic
configuration to another. Because of the continuously variable aerodynamics
and the rapidity with which the operation can be performed, aircraft flight be-
havior in continuous transitions is more time and speed dependent that at fixed
operating points in transition. Compilations of pilot ratings and comments for
conversion and reconversion maneuvers performed by a broad pilot sample in
the BHFB simulator and in flight are given in Appendix II.

In general, the BHFB simulation represents the important characteristics of
transition flight behavior. Pilot control techniques for conversions and recon-
versions, which were developed in the simulator prior to flight in the aircraft,
were substantiated by actual flight experience. Pilot ratings of the simulated
transition task averaged RCR 5 overall, which is a degradation of approximately
1-1/2 uaits from flight (RCR 3 and 1/2). The difference in ratings is attrib-
uted to the combined effect of the lack of realistic visual, aural, and vestibular
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motion cues in the simulator. The correlation is considered to be generally
valid for projecting pilot ratings of continuous transitions in flight from results
obtained in fixed-base simulators for aircraft with handling qualities and aero-
dynamic characteristics similar to the X-22A.

Although the correlation is significant in itself, the real value of the BHF'B
simulator lies in its ability to explore continuous conversions and reconversions
to identify problem areas, and to establish piloting techniques and operating
procedures throughout the transition regime. An evaluation and analysis of the
correlated pilot comments showed that essentially the same difficulties were
encountered and that the same piloting techniques were required in the simu-
lator as in flight, for both conversion and reconversion maneuvers.

Typical level-flight conversion and reconversion maneuvers are performed
using the following technique. Conversion is initiated by rotating the ducts for-
ward intermittently, using the collective stick primarily as a heighi control and
the pitch stick as a speed/attitude conirol. As forward speed buiids, a forward
pitch control motion is required to keep the fuselage level. With continually
increasing speed through midtransition, the ccllective stick is reduced to pre-
vent climb. In the final stages of conversion (i.e., the duct angle range from
30° to 0°), there is « marked change in pitch trim which requires a steady and
substantial aft stick motion to hold up the nose, and an increasing collective
stick motion is required to maintain aititude. For climbing conversions, a
higher level of collective stick and pitch attitude is maintained through mid-
transition. Reconversions are initi2ted by a slow, intermittent duct rotation
over the region of large trim change from duct angles of 0° to about 30°. Re-
duced collective and forward pitch control motions are used in combination to
control a relatively strong climb tendency associated with duct rotation. This
tendency is relieved through midtransition, and further reductions in speed and
the approach to hover require a nose -up pitch control motion and a strong in-
crease in collective stick in order to keep the fuselage level and to maintain
altitude.

In the BHFB, the lack of realistic visual motion cues, and the inability of the
altitude and vertical rate displays to provide adequate substitutes, made the
collective control task to hold altitude in reconversions seem harder to manage
than in flight. Increased realism in this area might be achieved by a visual
representation of real-world peripheral cues, as might be provided by a TV
monitor, possibly but not necessarily coupled with angular motion cues. One
pilot commented that roll control in the simulator required considerable effort
and rated it sensitive with too little damping. This judgment might be expected
in view of the lower SAS levels present in the simulator, as compa. cd with flight,
and may be partially responsible for the adverse correlation.



In other respects, pilot opinions of the simulator and flight characteristics were
essentially the same. In flight as in the BHF B, level conversions were rated
approximately 1 rating unit easier to perform than level reconversions. Trim
and attitude changes in the sirulator were judged to be reasonably representa-
tive of flight. Speed response to duct rotation was good at both ends of the speec
range, making transition in either direction easy to start and stop. On the
average, control responses through transition were rated normal. In flight, the
work load was rated average for level conversions and high for reconversions.

Transitions in the BHFB and in flight were made using both rapid (continuous)
and slow (intermittent) thrust rotation techniques. The rapid transition tech-
nique was preferred because, by holding the fuselage level and controlling
altitude with the collective stick, the acceleration or deceleration characteris-
tics produced by a rapid duct rotaticn rate carry the aircraft smoothly through
the center of the transition envelope with a minimum of pilot effort required to
monitor the combination of speed and duct angle. The rapid technique was
rated better by about 1-1/2 rating units. In slow conversions in flight, a
tendency toward lateral PIO was noted which was not apparent in the more
rapid operations. This effect is apparently due to the additional time spent in
the regions of low roll-yaw dynamic stability during the slow transitions.

In analyzing the data, it was evident that the ratings improved with the level of
pilot learning. Most of the pilots had insufficient time in the simulator and in
the aircraft to thoroughly familiarize themselves with the flight characteristics,
but they tended to give increasingly better ratings in both the simulator and in
flight as their proficiency improved with increased flight experience. Many of
the observations and comments made by the military pilots are generally
recognized but automatically compensated for by pilots more familiar with the
simulator and the aircraft.
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SIMULATOR CAPABILITIES AND LIMITATIONS

Relative capabilities and limitations cf the simulators to represent flight for
specific tasks in hover and transition are established by the analyses and com-
parisons of the studv. These results are summarized in Table XIV. The mini-
mum simulator judged to be sufficiently representative of flight for most
engineering purposes is designated "M" in the tab'e for "minimum adequate."
More complex simulators that provided a further degree of fidelity are desig-
nated "S" for ''satisfactory." In general, the moving-base simulator was most
representative of flight and is therefore designated "B' for "best' simulation.
The pilot rating correlations developed in the preceding section for the various
tasks and simulators form a basis for projecting flight characteristics from
results obtained with these ground-based simulator types.

The Bell fixed-base simulator mechanized with 6-DOF linearized equations of
motion for flight at specific operating points {¢.g., hover) produced dynamic
response characteristics that were comparable to flight. Deficiencies in simu-
lated VFR flight were related to the lack of representative visual motion cues;
however, important handling qualities characteristics were readily evident to
trained test pilots. This simulator is therefore considered to be the minimum
adequate simulator for most fixed operating point flight tasks in hover and
trarsition. This type of simulator is useful for evaluating specific problems in
the areas of stability and control, and flight control systems, during the design
and develonment phases of V/STOL aircraft, and for preliminary pilot training.

The Bell hybrid lined-base simulator mechanized with 6-DOF nonlinearized
:quations of motion provided the substantially increased capability of contin-
uously variable flight and control characteristics over the complete flight
envelope. Dynamic response characteristics to pilot inputs were well repre-
sented at fixed operating points as well as in continuous transitions. This
simulator was subject to the same lack of representative visual motion cues;
however, import.int stability characteristics, power effects, and control
manipulations required in making continuous transitions were representative
and readily apparent from the cues provided. This simulator is therefore con-
sidered to be the minimum adequate simulator for continuous transition tasks.
It is useful for evaluating extreme excursions as well as small perturbations at
fixed operating points, for exploring the transition flight envelope fully for un-
expected problems, for developing piloting techniques and procedures for
continuous transitions, and for preliminary pilot training.

The Ames moving-base simulator mechanized with 6-DOF linearized equations
of motion at specific operating points produced dynamic characteristics, and
vestibular and visual motion cues in response to pilot inputs, that were com-
parable to flight. The motion provided eliminated most deficiencies present in
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TABLE XIV. RELATIVE CAPABILITIES OF X-22A SIMULATORS

Simulator Complexity
BLFB BHFB ALMB
Flight Tasks 6 DOF 6 DOF 6 DOF
HOVER
Height Control M S B1
Attitude Control M S B!
Fwd/Aft Translations M S Bl
Lateral Translations M S Bl
Turns U U S
Takeoff, Landing (IGE) U U M
TRANSITION
Fixed Operating Point M S S
. . 2 2
Continuous Conversions and U M U
Reconversions
B Best
S Satisfactory
M Minimum adequate simulator for preliminary pilot training
U Unsatisfactory
NOTES:
1% 3-DOF angular motion provides much of the improvement realized.

2. Rated U only for aircraft with highly complex transition aerodynamics.
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the fixed-base simulator, especially in hover where the tasks performed were
considered to be most realistic. Most of this improvemert was provided by the
3 degrees of angular motion: however, adequate representation of the vertical
takeoff and landing tasks required linear motion as well. The moving-hase
simulator is considered to be the minimum adequate simulation for vertical
takeoff and landing in ground effect. At fixed operating points in transition,
peripheral-vision cues provided are incongruous with the cquilibrium speed
and are therefore unrealistic. Representative peripheral-vision cues for tran-
sition have yet to be developed. At present this simulator does not have the
capability to make continuous transitions. It is useful for all types of evalua-
tions in hover, and particularly for developing flight techniques for takeoff

and landing, for evaluating ground effects, and for advanced pilot training in
hover,




CONCLUSIONS

Three different types of ground-based simulations of the X-22A are compared
with flight., Comparisons are made in terms of pilot ratings, pilot comments,
and time history data of specific flight tasks in hover and transition. Signifi-
cant conclusions are presented below,

1. Hover flight tasks were rated approximately equivalent to flight in all
three 6-DOF simulators. An exception occurred in the moving-base
simulator at translational speeds above 15 knots when equilibrium
was obtained by large pitch or roll attitudes. Pilot ratings of that
task were approximately 1 RCR better than flight.

2, Typical gust levels were evaluated only in the moving-base simulator.
Pilot ratings in steady hover in this simulator compared well with
flight. In translational maneuvers, gusts degraded pilot ratings with
respect to flight, particularly for low levels of damping. This effect
is believed to be related to limitations in the size of the flight cube.

3. Motion cues in hover were found to be increasingly important to
simulator realism as damping levels were reduced and handling
qualities degraded.

4, The only adequate representation of hover in ground effect was pro-
vided in the moving-base simulator by using a gust model to repre-
sent realistic levels of ground effect turbulence in conjunction with
the representation of ground-induced aerodynamic effects.

5. The yaw axis was found to be the most difficult axis to simulate J
realistically. The 6-DOF moving-base simulator was most repre-
sentative of flight. In the fixed-base simulator, and in the moving
base when flown IFR, cues provided by the yaw parameter displays
were unrealistic for both steady hover and hovering turns. There-
fore, ratings obtained for these tasks were not related to flight.
Efforts to improve yaw parameter displays are recommended and
should be directed toward providing better indications of angular rate,
preferably in the form of peripheral-vision cues.

6. Initial investigations of IFR hover tasks in the moving-base simulator
indicate that compared to fixed base,angular motion cues alone pro-
duce a significant improvement in realism and permit evaluations of
IFR handling qualities tasks including hover with NO SAS. Linear
motion cues have a secondary effect for most IFR hover tasks.
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The fidelity of simulation of control characteristics and aircraft
dynamic response in transition was judged to be adequate and regre-
sentative of flight in all simulators. The degree of difficulty in
performing flight tasks in transition can be related to flight in terms
of pilot ratings. A linearized 6-DOF fixed-base simulation is con-
sidered to be adequate for test pilot familiarization with both steady-
state and transient flight conditions at fixed operating points in
transition,

The value of the fixed-base hybrid simulation lies in its abilities to
explore continuous conversions and reconversions, to identify
problem areas, and to establish piloting techniques and operating
procedures throughout the transition flight envelope. The simulator
represents the important characteristics of transition flight be-
havior. The addition of 3-DOF angular motion capability to this
simulator would provide a significant increase 'in the degree of
realism of continuous transitions, and is recommended.
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APPENDIX I
SIMULATOR DETAILS, EQUATIONS OF MOTION, AND MECHANIZATION

This appendix presents the equations of motion and mechanization limitations
for the BLFB, BHFB, and ALMB simulations.

BELL LINEARIZED FIXED-BASE SIMULATION (BLFB)

The cockpit flight controls and instrument panel used for the BLFB simulator
are the same as for the BHFB. Hence, both simulations have essentially the
same physical limitations, which are discussed in the next section.

Mathematically the BLFB is considerably more limited than the BHFB, as in-
dicated by the complexity of the equations. Aerodynamic stability and control
derivatives for the BLFB were linearized for hover and several selected fixed
operating point flight conditions in equilibrium transition. This type of simu-
lation does not provide for continuous conversions and reconversions, and the
extreme ranges of the X-22A flight erivelope where the linearization does not
apply cannot be evaluated. Therefore, flight tasks must be designed so that
excursions from the flight condition stay within the linearized range of the
aerodynamic derivatives. This type of simulation does permit flight evaluations
of aircraft handling characteristics (aircraft attitude control coupling, static and
dynamic stability, etc.) in and around the fixed operating point for which the
derivatives were evaluated. Other mathematical assumptions of the BLFB in-
clude small-angle approximations, and ground axis velocities assumed the same
1 as in body axes.

Equations of Motion (Body Axes)

e . - P i
X=-gb wat (Xo qu + wa T cos A\)/m (1)
0 _ _ - . .
Y=g¢o Ur+wei (Ypp + Yrr YV»)/m (2)
Z=qu+(zo+ Zulu’+ wa+ Zvlvl-Tsm A)/m (3)
p=[I f+Lv*(L + L yp+Lr

Xz v pAero pSAS r

+
* Lérs 61‘s = érp 6rp+ L6rpuarpu'-.|/lx 4
q=[Mu+M w+ M + M )qg+ M 5§ /1 (5)
2 9aero  9sas dps ps -y
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;'-[I f)+NV+Np+ Nr +Nr r
Xz v P Aero SAS

! N&rsars = 6rsu arsu ¥ NJsrp'ser /Iz (6)

Flight Parameters

T=Tﬂ(ﬁc-ﬁT=0);T=0f0rﬁc55T=0 (7
h=ug-w (8)
$=p ¥ sing (9)
§ = q cos¢ - r sing , (10)
' 'l: = (q sing+ r cos¢) sec § (11)
t sing = ¢ (12)
sing = tang = ¢ (13)
El cosg = ﬁ; 1.0 (14)
V=U_ +u (15)
: Vo (16)
T (17)
g = F‘;_ = 57.3 (18)
a= % = 57.3 (19)

BELL HYBRID FIXED-BASE SIMULATOR (BHFB)

The BHFB simulation consists of two Pace 231-R analog computers and an
IBM 7090 digital computer connected by a digital-analog data linkage system
and programmed to solve the combined equations of motion of the aircraft, the
control system, and the propulsion system. The hybrid approach permits a
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more precise representation of the nonlinear data, which can be stored and
changed independently from the control system characteristics and analytical
expressions for acceleration and inertia coupling terms,

A block diagram layout of the hybrid X-22A simulation is shown in Figure 6.
The major separation between the digital and analog computational blocks is

shown, and the data flow between the various elements is indicated.

The digital portion of the simulation performs the following functions:

1. Control logic for mode and subroutine selection options.

2. Calculations of aerodynamic body axis forces and moments, and
linear and angular accelerations,

’ 3. Calculations of range, cross range, and altitude rates.

[ 4. Computations of total velocity, aircraft attitudes and flight path

{ angles, dynamic pressure, maximum thrust, thrust coefficient,
and duct exit pressure.

5. Calculation of total pitch, roll, and yaw control slopes.

The analog section performs the following computations plus all integrations:

1. Linear accelerations due to gravity and rate products,

2, Angular accelerations due to cross-product terms and control,
3. Euler angle equations.

4, Control system limits and phasing with duct angle.

5. Propulsion system and SAS dynamics.

The simulation is subject to the limitations implied by the equations of motion
and mechanization given below.

EQUATIONS MECHANIZED ON ANALOG COMPUTERS

Summation of Force and Moment Equations (Body Axes)

u=-qw+ rv - g sing+ (Ex)D (20)

C
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w=-pv+qU +g cos g cosd+ (W)

DC
. - _ + .
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3 1 0 . ’ [}
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Control Power Equations

BRY aRY
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maxDC RYmax mMDC RYmax
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maxD C psmax max pitch DC

L) 69
4 e max
A AqF
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Attitude Control System Mechanization Equations
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] = (90- N)/ 30 (38)
rpmax
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max

The pitch and roll stick motions were mechanized to conform to the stick pat-
tern shown in Figure 7,

Mechanization of Thrust Control System

bt
T = < T (40)
aTc max

where Tmax is stored in the digital computer in uzbular form as a function of

Power Control! Mode

T
duct angle and forward speed, and Tc_— is the throttie setting.
T
max

Collective Mode

8 ° By _
T < E20 T . where T 20 (41)
Bup 7 B -/ M

The collective stick sensitivity was mechanized as a variable function of speed,
according to the blade angle travel for minimum and maximum thrust presented
in Figure 8,

Stability Augmentation System (SAS)

The stability augmentation system was meckanized for all axes on function
generators, which programmed the damping augmentation as a function of speed. J
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Figure 7. X-22A Pitch and Roll Control Stick Pattern.
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Figure 8. Propeller Blade Angle for Military Power, Zero Thrust,
and Collective Limits versus Velocity.
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Euler Angles

é=p+¢sln0 (42)
§=qcosd-rsind (43)
¢.= (rcos¢ +qsind )/cosé (44)

EQUATIONS MECHANIZED ON THE IBM 7090 DIGITAL COMPUTER

Aerodynamic Components of the Force and Moment Equations

(u) pc - (C qTS)/m ' (45)

Wpc = (CquS) / m (46)

. S b (346 ]
Mpc = m [CYqT YoV { CYr *Cy p } sroosPr | @D

4250 2650 } 2l
{ 8100 bs) P * \8100 SN e

. TS /4130 \ 2
(q’nc'ly [Cqu L(C q’ 5700532 » ] (49)

. bS _g_{ _ (6670 2 !
(Fpc = L [qu'r tov Cnr re Cnp P } (8100 Bs) T A ] (50) '
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Ground Axis Velocities

(ﬁg) =TU (cos ycos § )+ v (cos ¥ sin § sinéd -siny cos ¢ )

+ w(sin ¢ sin ¢ + cos Y sin ¢ cos ¢)
(fl) = Usin 6 - v (cos §sin¢ ) - w (cos ¢ cos §)
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Basic Aerodynamic, Control, nd Propulsion Data Stored in the Digital Computer
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Control Equation Solved by the IBM 7090 and Sent to Analog

Pitch Acceleration Due to Blade Angle

X =X

AX AX
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max, . 'y c
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.y GCN NF
Cr| twa °©
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BCT aft T max pitchDC
a =
(81)
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Pitch Acceleration Due to Flaps
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Roll Acceleration Due 1o Flaps

2
ap = (=0,005 cos ) ) h'ﬂ:)t:—) dpy (red/eec”) (84)
X

rﬂ\l !Dc nc

Yaw Accelerstion Due o Rlade

=} RS i
AT RLE 3 ,"’r Yp) cor
'“"DC % e

M"

-

C, | o |

=3 ?E'! 5 o‘r) . ‘—'c‘\-I 0'.\) oin x‘ (e5)
T |fad T afv . 2

4 =0 ® 0 (rad/eec )

Yan Accelerastion Doe 1o Flaps

M‘m
& -—-—m‘ { 3
a&, : py  (red/eec) (#6)

i‘n-um. .a c




The pilot perceives flight cu2s in the BHFB by obse:ving a flight information
display panel situated directly in front of him, This panel contains two dual
trnee oscilloscopes imounted one above the other, These scopes can be pro-
Kgraummed to represent various configurations of attitude and horizontal situa-
tion Indicators, For this program, horizon and heading information was pre-
sented »n the upper scope, and ground position and rate were presented on the
lower scope. Attitude scope displays are limited to +90° in roll and +20° in yaw,
Tae ground velocity presentation used for hover is limited to £40 kn in the
longitudinal and lateral directions, This presentation was also used in the
BLFB, Additional flight parameters are displayed on 3-1/4-inch simulated
flight instruments located on both sides of the scope display, These instruments
are interchangeable to facilitate various instrument arrangements for research
purposes,

Although the specific parameters and ranges displayed are functions of the in-
dividual simulation objectives, the ones most generally used are given in
I'able XV, '

TABLE XV, FLIGHT PARAMETER DISPLAYS AND RANGES
AVAILABLE IN THE BLFB AND BHFB COCKPITS

Display

Range

psarometric Altitude
Radar Altitude
Vertical Speed
Alrspeed
Low-Range Airspecd
Flight Path \ngle
Duet Angle

Angle of Atlack
Percent Thrust
Propeller mm
Clock

Rate of Turn

0 to 30,000 ft
0 to 500 ft
+4000 ft/min
10 to 350 kn
-40 to 160 kn
-20 to +40 deg
0 to 100 deg
-20 to 40 deg
0 to 160%

0 to 3000 rpm
Time

Full left or right




Visual presentation of flight cues is limited to the parameters and capability of
the visual displays as described, The simulation lacks aural, vibrational, and
vestibular cues, The mathematical model is considered to be the best repre-
sentation possible with available data, In performing continuous transitions, a
minor programming restriction to be observed is that conversion should begin
at a zero or positive value of airspeed, This restriction is essentially one of
procedure and does not constitute a limitation to the useful transition flight
envelope,

Additional complexities that have been simulated include: representation of
ground plane, ground effects, and control system lost motion and hysteresis,
The ground plane equations were evaluated to be unjustifiably complex in view
of the lack of aural, peripheral-vision, and vestibular cues. It was found that
with sufficient practice pilots were able to develop an adequate vertical takeoff
and landing technique without the ground plane, by using a combination of the
information provided by altimeter and the vertical speed indicator (VSI). Since
without a ground plane, the VSI reads negative for thrust levels less than the
weight (i.e., unrealistic readings before takeoff and after landing), the pilot
must provide compensation, For takeoff, he compensates by gradually in-
creasing thrust and speed until the VSI reads positive, which is the indication
of takeoff, For landing, he reduces thrust and monitors t} , altimeter and the
V81, keeping the V8] within landing gear design limits untii the altimeter reads
zero, which is the indication that the landing is completed. Nonlinear ground
effects in fixed base were evaluated to be unrealistic. There were no dis-
cernible effects on the performance of vertical landings and takeoffs.

Effects of lost motion and hysteresis in the control system, on {light charac-
teristics in hover and transition, were evaluated in the simulator, using data
results from tests of the actual flight hardware, The pilots were annoyed by
minor effects on their ability to control attitude, but in general they felt that
the overall burden of the hover and transition work load was not increased
significantly, These effects were then deleted to conserve equipment. Gusts
were not represented in the BHFH, because, after {lying the alrcraft, the pilots
felt that the simulator was already difficult enough to {ly relative to the air-
craft, and that the inclusion of gusts would add to the work load and would
widen this disparity with respect to flight,

AMES LINEARIZED MOVING- BASE SIMULATION (ALMB)

The ALMB simulation was originally mechanized on analog computers. Altbough
still essentially the same, it has since been converted (o a hybrid program im-
plemented on two EAI 231-R analog computers and one EAl 8400 digital com-
puter, in accordance with the Ames long- range simulator improvement program
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The aircraft equations of motion and the real-time coordinate transformation
equations are programmed on the digital computer portion. The analog com-
puters are used to generate the aerodynamic and control forces and moments
and to drive the simulator and the information displays. Motion computation is
exact and is done in body axes. Motions are than transformed into simulator
gimbal angle, inertial space, and Euler angle drives, which are used by the
simulator to drive the cockpit.

The configuration of the attitude controls was generally representative of the
X-22A. Pitch and roll stick force gradients were obtained with an undamped
bungee feel system. Control forces and travels were adjusted to conform to
X-22A values. Overall, the simulator control characteristics were similar to
those of the X-22A and were generally acceptable.

The attitude control stick moved easily and smoothly and returned to center
quickly when released. A pitch and roll attitude trim switch located on top of
the stick was not operative. However, a duct rotation switch on the collective
stick was used to trim pitch attitude when desired. This trim characteristic
differed from the X-22A, which can trim stick forces in any stick position; the
difference does not constitute a significant simulator limitation.

Rudder pedals operated smoothly and stayed where set because there was no

pedal force gradient or positive centering. Pedal breakout and friction forces
were generally similar to those of the X-22A in hover; the X-22A has usually
been flown without a force gradient in yaw.

The collective stick was mounted on the left side of the cockpit as in the air-
craft. Because there is an appreciable variation with forward speed of power
applied per unit of propeller blade angle in the X-22A, the control sensitivity
of the collective stick increases significantly. These characteristics were
accurately reprcsented in the simulator by using appropriate values at each
fixed operating point flight condition investigated, but the linearized collective
stick sensitivity gradient, with respect to speed, was assumed to be negligible."
This simplification has no significant influence in hover and transition for the
range of speeds away from trim investigated.

The ALMB used essentially the same equations of motion, hover derivatives,
and system characteristics as used for the BLFB, and it has the same inherent
mathematical and information display limitations. Aerodynamic stability and
control derivatives were linearized from the nonlinear data as programmed in
the BHFB simulation,
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The essential differences between the two mathematical models are the gimbal
drive equations and the wind, gusts, and ground effect models, which were
included primarily because of the ALMB motion capability. Other differences
between the mathematical models are that in the ALMB, angles are calculated
without using small-angle approximations, and body axis motions are trans-
formed into the inertial space axis system to operate the gimbal angle drives.
The following equations of motion are written as programmed for the ALMB
simulator.

Equations Mechanized on Analog Computer

Equation of Motion (Body Axes)

XA = XA/m = (X0 +qu +XwAw+T cos\)/m (87)
Yy =Yy = (Y v+ Yp + Y r)/m _ (88)
Zy = 2y = (2042 (w42 w + Z |v| - T sind)/m (89)
p, =L =[Lv+L p+L r+ p+L ]
- A/Ix v P Aero r LPSAS ars re
+
+L6 6I'p L6 arpu+L(h/D,¢)] /Ix (90)
p rp
u
q, = M = (M +Mu+Mw+ M q+M g
. A/Iy ° " L quro qSAS
+ M (h/D,9) + M, 6p$)/1'y (91)
ps
r, =N =(Nv+Np+N r + N r
o A/Iz v P TAero Tsas

+ N6 arp(KGE) + N6 Grs +N6 6!‘8 u)/lz (92)
rp rs rs,
where K.. = f (h/D)
T/m = (Ty /m) (B,-By_[1 v tw/D8)] )

where T/m is zerofor 8 < B, _,
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Equations Mechanized on Digital Computer

5&=5&A-gsmo+rv-qw (94)

Y = i;A + g cos@sin¢é- rU + pw (95)

Z = 2A + g cosbcose® + qU - pv (96)

I -1 I

. = ™ ) z _x_z -

b=p, - (2 . + () ¢ + (97)
X X

I - % I

» . X z XZ 2 2

qQ =9, - (_1_) rp +(T) (r - o) (98)
y y

: L~ % 2

¥ =y = (-LI—)pq +<I—) (p - gr) (99)
Z z

¢=p + tanf(qgsing + r cos ¢) (100)

= q cosé-r siné (101)

!i'= (r cos ¢+ qsin ¢)/cos 8 (102)

-1 (w
a = tan (ﬁ) (103)
P (———2 = = > (104)
U +w ‘
V= /UZ s bW (105)

Body-Axis- o-Inertial-Axis Transformation

All computations are done in body axes and transformed into inertial or ground
axes through the following matrix.
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A, cosy¥cos § sinycos # -sin @ Ax
A = |cosysinf®sin® cosycosé cosf siné A (106)
y -sinycos¢ +sinysindsin¢ y
A, cosysinfcos¢ sinysinfcosé cosfcos¢d A
+sinysin ¢ -cosysiné 2
Body Inertial

(Ground)

Transformation of Winds and Gusts

Winds and gusts are introduced as velocity inputs in the inertial axis system

| and transformed into the body axes by the following matrix.
U cos fcosy sin¢sinfcosy sin¢siny U
-cos¢ sin ¥ +cos¢sinfcos ¥
v = |cosfsiny cos ¢coe ¥ cosésinfdsin ¢ v (107)
+sindsindsiny -sinécosy
| w -sin @ sinécos§ cos¢ cosf w
Inertial Body

Representation of Winds and Gusts

A gust model developed as the result of automatic landing system studies was
used in the ALMB to simulate low-altitude and ground effect turbulence. This
model expresses the gust power spectral density as

2L ¢ 2 1
>
@ ger 1

Early trials used a value for rms gust velocity, ¢, of V/4, which was unani-
mously judged to be much more severe than ever experienced in flight.
Further evaluaticn at lower values of ¢, indicated that V/8 to V/10 is a
better approximation of actual conditions; these lower values were used
throughout the program.

2

PSD(WK) s (108)
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APPENDIX I

DATA COMPILATIONS OF PILOT RATINGS AND COMMENTS

This appendix contnins compilations of individual pilot ratings and comments
from the various simulations and flights (Tables XVI through XXV). Data are
classified in major categories by flight regime and compiled in subcategorics
by flight task so that there is a task-by-task relationship between stmulator and
flight results. The data presented were compiled directly from the raw data
and have not been adjusted or interpreted for differences in FULL SAS levels
betwoen simulations which are listed in Table 1V.
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TABLE XVI, COMPILATION OF PILOT RATINGS AND COMMENTS FOR HOVER HEIGHT CONTROL

Case

fAS

ACR

Pilot

Comment

ALY
{6 DOM

ruLL

/2

3.0-4

Helght control comparable W aircraft but slightly more diffioult, probably dus to concentration
on attitude. Less effort to climb than to transiate, since thrust required varies with speed.
Simulstor resembles aircralt but requires more thrust change with speed. Initlation and stabi-
14zation of climb and descent were comparable to aircraft, Tendency to overshoot or P10.
Termination seemed slow compared to flight and was rated inferior. There was a slight
tendency to overshoot but no tendency to P10,

Noticeably less attitude damping. More difficult with 1/2 SAS, probably due to concentration on
altitude.

FuLL

172

43

Similar to sircraft, Climbe and d nts were initiated and stabilized quickly in a manner
similar 1o the aircraft with no interactions in pitch and roll, Vertical rates easily arrested
(RCR 2-3), Descents were more difficult to stop in the simulator (RCR 5). The tendency to
overshoot the target altitude wae objectionable and resulted in a mild tendency to P10 (RCR 4).

Thrust control activity is high in turn maneuvers and lateral translations, With 1/2 SAS, more
concentration le required (RCR 8). Thrust response and overall performance of climb and
descent average (RCR 3). Slight overshoot in climb and objectionable overshoot in descent.
Tendency to PO, Pilot able to compensats.

BLYB
{3 DOT)

ruLL

\2

3.5-4

Same general comments as for 8 DOF. Climb and descent possibly easier due to fewer degrees
of (reedom.

Slight degradation with 1/2 8AS but not enough to affect ratings. Climb and descent with 1/2 SAS
not as difficult as 6 DOF.

FULL

172

3-DOF task unreslisticslly easy. Same general comments and ratings n: for 6 DOF for FULL
and 1/2 8AS

ALMB

FULL

SimUar to aircraft, collective position for hover uncomfortable, no attitude interactions with
collective noted, Collective would not stay where set, making task more difficult than in
aircraft (RCR 4).

FULL

12

Thrust control inferior due to poor combination of collective friction and sensitivity: also nome
free play. No appreciable degradation with gusts.

Slight further degradation with gusts (ARCR = -1,0)

FuLL

172

Theust control activity excessive and sititude contro! inferior. Major pilot effort required to
hold 18 ft. Height damping more noticeable in simulator than in sircraft, n, response to
collective step almost identical to aireraft. Changes in pitch attitude due to thrust control are
small,

Arduous task with winds plus high-intensity guets. No attitude coupling with thrust. Guets mask
vertical acceleration cues due to control, Initial response to climb and descent commands rated
normal with superior vertical rate stabilization (RCR 3). Abllity to terminate climbs and
descents was average, with alight tendency to overshoot and PIO. With winds and gusts, over-
shoot and P10 tendencles were objectionable (RCR §6).

Incressed pilot effort over 1/2 SAS, 5-kn head wind and minimum gust levels controlled.

FULL

172

Height control characteristice rated normal. Climb and descent initiation, level-off, and control
response rated sverage. No tendency to overshoot or P10,

Rating given ls without gusts. Rating with gusts is degraded to RCR 6,
Rating given is without gusts. Rating with gusts ls further degraded to RCR 8,

FULL

1/2

Simulator was more responsive to down collective and easier to get a satisfuctory descent rate
in than sircraft. Slight increase in vertical rate damping would reduca pilot effort and improve
rating. Control activity was slightly above a good helicopter, but even most helicopters require
t00 much effort for RCR 3.

Ae 8AS decresses, height control task remaine the same, but because pilot concentrates more
on attitude control task, wider variations in height are expsrienced at reduced SAS levels.

FULL

1/2

-4

Thrust control activity for hover rated low, altitude control superior. Dead band in collective
stick near trim is unreslistic. Ability to initiate climbs and descents rated superior due to
{ast response o control inputs. A mild tendency to overshoot final altitude resulted (n slight
P10 tendency. Ability to level off rated average.

Thrust control sctivity rated normal; altitude control averags. Climb and descent task rating
downgraded approximately 1 unit from full 8AS.
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TABLE XVI (CONT)

Case SAS RCR Pilot Comment
BHFB FULL 4-5 Insufficient cues, best cue is vertical rate,

FULL 5 Height control activity rated excessive, Task made more difficult by lack of hand support.

FULL | 4-5 Altitude very difficult to hold without concentration, Collective control will not stay set.
Vertical control axis rated inferior to average,

FULL 5-6 D Height hard to judge due to insufficient vertical cues. Attitude interactions due to thrust control
are minimal. Height control and ability to control rates of climb and descent rated inferior
with FULL 8SAS.

0 7-8 D Helght control and ability to hold rates of climb and descent rated poor with NO 8AS

FULL = E Ability to hold altitude poor, ability to climb and descend average.

FULL 3 F Height control rated normal as compared to aircraft. No problem in climbing or descending.

Flight FULL 2 B Height control average. Lack of centering in collective noted. Ability to climb and descend
rated average.

FULL 3-4 [ Pilot developed a damped vertical P10 of large amplitude which he attributed to combination of
poor visibility, collective stick sensitivity, and lack of power indicator,

FULL - D Accurate control of rate of climb and descent rated poor to inferior (RCR 4-5). Difficult to
control climb through ground effect (RCR 4). Rate of descent still harder to control (RCR 8).

FULL 5 Height control poor; prolonged effort to stabilize,

FULL 4 Control within 23 feet is relatively easy task. Tight height control (1 ft) is difficult (RCR 6).
Slight increase in activity with fwd or lateral speed (APR = -1,0). Very good thrust response.
Rates of climb and a>scent can he established aud held or stopped as required for typical
flight maneuvers.

FULL 4-6 G Height control act.vity high. Controllability rated inferior to average (RCR 4-6). Difficult to
control vertical rates and altitude OGE, possibly because of poor visibility at high hover height
flown, Inferior to average. Descent rate hardest to control (RCR 4-8). Controllability deteri-
orates further IGE. P10 developed twice (RCR 9).

FULL 3-4 H Requires attention to maintain height, Not too much variation of height with speed in and around

hover. Ability to initiate and stabilize climb and descent rated average. Ability to terminate
rated inferior for climb (RCR 3) and superior for descent (RCR 2). No tendency to overshoot
noted in descent, Overshoot tendency in climb is mild. Slight tendency to PIO rated RCR 4.
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TABLE XVII. COMPILATION OF PILOT RATINGS AND COMMENTS FOR HOVER
ATTITUDE CONTROL ACTIVITY (PITCH, ROLL, YAW)
RCR
SAS
Case Axls Full 1’72 | o Pilot Comment
BLYB P 2 3 - F Representative of X-22A in pitch and roll,
o poh) R 3 4 -
Y 4 4 - F Simulator difficult to trim In yaw,
| 3 4 - H Pitch activity minimal for hover, climb, and desvent; low for forward and lateral
transalations.
R 3 4 - H Roll activity minimal for hover, climb and descent, and forward translation, {n-
. creasing to high for lateral translations,
Y 4 5 - H Yaw is more difficult to keep within :5° than alrcraft, nnd activity is high for
lateral translations, .
BLFB P 3 3 - F Slight degradation In handling quaiities with 1/2 SAS but not enough to affect Cooper
(3 DO ratings.
R 3 3 -
3 3 = F
P 2 2 - 1t Unrealistically easy; minimal pitch activity in climb and descent. No interaction
due to power,
R 3 3 - H Roll activity low for climb and descent, high for forward translation, and excessive
for Iateral translation with 1/2 SAS.
Y 4 4 - H Yaw control activity is high, particularly for lateral translations with 1 ‘2 SAS,
ALMB P 1 - - B Very similar to actual aircraft. No control interactlons of any significance noted.
R 1 - - B Control activity minimal in all axes with FULL SAS
Y 1 - - B
P 2 4 - C Pitch and roll activity rated normal with FULL SAS; high with 1/2 SAS,
R 2 4 - [of
Y 1 3 - c Yaw activity rated minimum to low with FULL SAS; normal with 1/2 SAS
P 3 3 5 F Gust levels yenerally too high. Aircraft not nearly as sensitive to gusts, Best
representation of average flight condition is 1/2 low level gust,
Slight degradation of handling qualitles in a1l axes with 1/2 SAS,
R 3 3 5 F Gusts degrade ratings to RCR 6 for | ‘2 SAS and RCR 8 for NO SAS,
Y 2 3 5 F
P 3-4 4 | 87 G Pitch and roll control activity rated high becoming excessive as SAS decreases. No
R 3-4 4 |g-7 G couplings noted (RCR 1). Attitude response very fast in pitch and roll. Attitude
control rated average near trim, Speed control rated poor due to lack of force
Y 1 4 4 G trim. Noseup easter to control than nosedown which was more uncomfortable
and harder to determine proper input to correct disturhances.
Yaw control activity rated minimal,
P 2 - H Low activity with FULL SAS and high with 1/2 SAS.
2 4 o H Same as pitch.
Y 2 3 - H Minimal with FULL SAS, increasing to normal with 1/2 SAS.
BHFB 4 - - A Pitch control activity rated normal for hover task: no unusual control couplings,
5 - - A Roll activity high due to lack of physical cues.
3 - - A Best control axis; excessive trim drift, !
3 - - B Control activity for hoth pitch and roll was rated low. Spot hover relatively easy,
3 - - B Slight tendency tn cycle lateral control in PIO of 2 cps which disappeared with
practice,
Y [ - - B Yaw control task made unrealistically difficult due to nature of display. Yaw ac-
tivity rated excessive.
78




- ——

TABLE XVII (CONT)

RCR
SAS
Case Axis | Full 1/2 0 Pilot Comment
BHFB P 2-3 2-3: 5 C Ability to hold forward speed average.
R 3 4 6 [ Ablllty to hold Iateral speed inferior,
Y 2-3 3 3 C Superijor; control couplings difficult to determine because height was seldom
atabilized,
P 5 - 7 D Pitch activity rated normal; control crosa-couplings low in 1]l axes,
R 7 - 9 D Roll sctivity rated excessive.
Y [} = 7 D Yaw control activity rated high,
P S - - E Pitch control activity rated high, ability to translate average,
R o - - E Roll activity rated excessive,
Y o - - E Yaw control poor and not considered to be representative of aircraft due to dieplay
and trim drift.
P 3 - - F Ability to hold forward speed average.
R 4 - - L Roll control task slightly harder when stabilizing heading off-wind,
Y 3 - - F Yaw trim difficult to achieve; otherwise, control activity to hold heading average.
Flight P 1 - - B Steady hover was relatively easy. Pitch sctivity was rated low, Pllot effort in
roll and yaw rated normal.
3 _ - C Pitch and roll activity normal OGE and high IGF,
3 - - Yaw due to roll control considered to be normal.
2 - - C Yaw control in ground effect slightly higher. Height and roll coupling due to yaw
control rated low,
P 5 [ 8 D Visibility for spot hover limited by high forward instrument panel. Pitct attitude
trim with ducts (RCR 3),
R 5 - 5 D Roll control sensitive: high ptlot effort (n this axis. Possibly slight right yaw with
left roll rate (RCR 3), No yaw due to lateral speed (RCR 1),
Y 3 - 5 D Mild loas of height with yaw inputs. No S8AS ratings sare for very low fwd snd
lateral velocities (i.e., small influence of aeropropulsive speed derivatives).
P 2 - - E Attitude and directional controls very effective; minimum effort required in steady
hover.
2 - -
2 - - E
P 3 - - F Attitude relatively easy to maintain., Yaw axis is best. Control more difficult IGE
{n pitch and roll (RCR 5) and yaw (RCR 4),
R 3 - - F
Y 3 - - F
P 3-4 = - G Pitch activity rated normal; roll normal to high and yaw normal to low,
R 4-5 - - G Afrcraft easy to control, but very fast attitude response Is somewhat undesirable.
Y 3 - - G Pitch and roll ratings degrade IGE to (RCR 5) and (RCR 7), Yaw rated same IGE,
R 3 - - H Pitch control activity rated normal with some tendency to overpower SAS,
R 2 - - H Roll control activity for steady hover task {s low.
v 3 - - H Yaw control rated normal.
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TABLE XVIII. COMPILATION ( F PILOT RATINGS AND COMMENTS FOK ' URWARD
TRANSLATIONS (CONTROL OF PITCH, ATTITUDE AND SPEED)

Case SAS RCR I Pilot Comment

BLFB FULL - F Thrust change with speed higher than in aircraft (i.e., increase power to increase speed).

B-or lh - F Simulator loses control of altitude in rapid aft translation,

FULL 3 H Average for speed control and superior for attitude control. Fast initial r :sponse with a mild
overshoot and slight P10 tendencies on recovery. Requires increase in th-ust with speed to
hold altitude.

BLFB FULL 3 F Normal response to control; no tendency to overshoot or P10,

@ bor) 1/2 Very little difference from FULL SAS. Pilot compensates when control task is simplified.

FULL H Unrealistically easy. Fast response to pitch control with mild tendency to overshoot and PIO
but not objectionable.

ALMB FULL 2 B Rating applies in and around hover. Increased pilot compensation required with increased
attitude to overcome PIO tendencies, Degrade ratings by APR = 2.0 at #=-25". No degrada-
tion if duct trim is used. Initial response to control was rated slow, although ability to initiate,

B stabilize, and terminate translations was rated superior.

FULL 3 C Good simulation of airplane. Overshoot and PIO tendencies slight to mild (RCR 4) with gusts.

1/2 4 Overshoot and PIO tendencies mild to objectionable (RCR 4) with gusts.

FULL 2-3 E Rearward attitude excessive for velocity. Simulator seems to accclerate beyond point where
aircraft should reach steady state. Superior ability to initiate translation bat termination
inferior. Objectionable tendency to overshoot results in mild P10 tendency (RCR 4).

1/2 3 F Same comments as above, Gusts further degrade rating ¢(RCR 5).

FULL 3 F Similar to aircraft. Ducts used to trim at higher forward speeds. No overshoot tendency.

1/2 3 Slight degradation without gusts. Degrade to RCR 6 with gusts.

FULL 3 G Attitude control task resembles aircraft. Static match appeared to be good. Difficult to stabilize
speed with stick position near trim due to breakout. Better away from trim, Initial response to
control input rated very fast (RCR 5). Pulse-type control (i.e., pulse to start pitch change and
equal opposite pulse to stop) used to make attitude changes gave tendency to overcontrol (P10)
Did not like it. Forward acceleration and speed control using duct rotation quite nice; rated
superior to average (RCR 2-3). Response to gusts (RCR 1).

1/2 4 G

0 6-7 G Pitch attitude with NO SAS controllable near trim using pulse-type control (RCR 4). Much more
difficult away from trim (RCR 6). Noseup casier than nosedown which was moreuncomfortable
and harder to determine proper control input to correct disturbances. RCR 6 near trim and
RCR 7 away from trim. ¢

FULL 2-3 H Superior speed control and initial attitude/speed resp . Miid endency to overshoot and P10,

1/2 4 H Fast initial response to pitch control. Ability to terminate translation is inferior with objection-
able tendency to overshoot and P10 (RCR 5).

BHFB FULL 3 B Average for holding pitch attitude and steady forward speed. Steady translations in calm wind
(RCR 2).

3 [ +] Ability to control forward speed and attitude rated inferior to average. Increasingly worse as
SAS is reduced.

2 D Ability to hold speed once attitude is achieved is rated superior. Marked degradation with NO SAS
(RCR 6).

- E Ability to translate and maintain forward speed rated average.

3 F Translations can be made at steady forward speeds without difficulty.

Flight FULL 2 B Ability to make forward translation is average.

2-3 [ o Rated for stick control. Duct rotation not used, Initiation and termination rated superior.
Stabilizatior rated average. Slight tendency to small-amplitude PIO at 1 cps.

3 D Stick position demands a l'nearized velocity, but task rated inferior because control sensitivity
makes attitude hold task difficult. Objectionable P10 noted (RCR 6). Task without attitude hold
requirement rated superior to excellent (RCR 2). Height gain noted with forward speed (RCR 4),
Noseup pitching moment (RCR 5) and height gain (RCR 4) noted with increased forward speed.
Both undesirable for hover.

3 E Forward stick and duct rotation both increase forward speed. Pilot prefers duct control (RCR 2),
Duct buzz heard and felt at A= 80° and V = 20 kn. Noise level very uncomfortable.

3 F Translation easily accomplished. High nosedown attitudes uncomfortable. Preferable to rotate
ducts for trim if speed is to be maintained for any length of time. Speed control is good.

4 G Average to superior to start and stop. Harder to maintain stealy over long distances, Degrades
IGE (RCR 6).

3 H Ability to initiate translation rated inferior (RCR 4). Ability to stabilize trim and termination

capability average (RCR 3). Fast initial response, with slight tendency to overshoot, but no P10
noted (RCR 2).
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TABLE X1X. COMPILATION OF PILOT RATINGS AND COMMENTS FOR LATERAL TRANSLATIONS
(CONTROL OF ROLL ATTITUDE AND LATERAL SPEED)

RCR

Pilot

Comment

BLFB
(6 DOF)

FULL

1/2

Normal aircraft response to control input. No overshoot or P1O tendencies. Meight control
slightly more difficult.

Roll control activity rated high. Slight tendency to overshoot and MO,

FULL
1/2

Control activity rated high, and ability to hold lateral speed «r aititude rated average.

Roll control activity noticeably greater than FULL SAS. Ability to hold speed rated average but
ability to hold attitude rated inferior.

BLFB
(3 DOF)

FULL

Normal aireraft response to control input. No overshoot or P10 tendenc ies.

Only slight degradation from FULL SAS, qualitatively same ratings. Pllot compensates for
damping because control task is simpler in 3 DOF.

FULL

1/2

Height control difficult. Initiation of transiation is fast, with a mild tendency to overshoot and a
slight tendency to PO, which were not objectionable.

Initiation of translation is fast with increased tendency to overshoot, which was objectionable, and
a mild but not objectionable tendency to P10,

ALMB

FULL

Control task to stabilize translation increased substantially with speed due to lack of roll attitude
trim (RCR 5 at 25 kn). Other comments same as for fwd/aft transiations,

FULL

172

With gusts, ability to stabilize was average, with slight tendencies to overshoot and P1O (RCR 9).
Lateral trim would help very much at higher lateral speeds. Attitude control with lateral gusts
very objectionable. ‘

With gusts, ability to stabilize was inferior with mild to objectionable overshoot and P10 tenden-
cies (RCR 5).

FULL

See comments on fwd/aft translations.
Same. Stabilized translation more difficult with gusts and rating degrades to (RCR 4-8).

FULL
1/2

See comments on fwd/aft translations,

FULL

172

QW m m|m m

In translating at 15 kn or more, attitude was uncomfortable and pilot setivity increased (RCR 4).
Hard to hold position in winds over 15 kn. Gusts were felt linearly and not angularly.

Other comments similar to those for forward translation task.

FULL
1/2

See comments for fwd/aft translations.

BHFB

FULL

O ol 2|0 O

Ability to hold lateral speed rated inferior, increasingly worse as SAS is reduced.

Ability to hold lateral speed once attitude has been achieved was rated superior. Marked
degradation with NO SAS (RCR ).

Ability to hold latera. speed rated inferior.
Inferior ability to hold both lateral speed and attitude.

Flight

FULL

0O O wlYmm

Ability to make lateral translations rated average.

Ability to initiate and terminate rated superior. Ability to stabilize rated average,

Lateral translation rated superior to excellent, without requirement to stabilize attituce.
Increasing lateral stick displacement required with lateral velocity. Initial response is fast,
with a small-amplitude PIO tendency (RCR 5). Good speed damping, but bank angles are high,
Task of stabilizing at attitude rated poor (RCR 5).

Pilot eifort for attitude stabilization task is greater than for forward translation. Initial response|
fast, with an objectionable tendency to PIO (RCR 5). Stabilizing at speed requires a small
amount of pedal.

Translation is easily accomplished. Steady speed is easily developed and maintained.

Lateral translation rated superior, but lateral speed harder to control than forward speed.
Rating degrades IGE (RCR 5-7).

Initiation and stabilizatior. rated inferior (RCR 4). Ability to terminaie rated superior (RCR 3).
No tendencies to overshoot or PIO were noted.
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FULL
172

XX. COMPILATION OF PILOT RATINGS AND COMMENTS FOR HOVERING TURN PERFORMANCE

. e -

808 | WCH

Precise heading control difficult because of simulator trim drift. Ability to turn rated average.
Slight degradation reduces rating to inferior. Compensation s no problem. Very good control,

FULL

12

Yaw control is more difficult in simulated hover than in flight but becomes easier at forward
speed
Tura performance inferior with 1 /2 SAS. Mild tendencies to overshoot and PIO, Turn initiation

s good (RCH 2.

FuULL
172

Slight overshoot tendency. no PIO
DWP.-‘L/! SAS detected

12

Fast response to rudder input, with mild tendency to overshoot and slight tendency to P10, which
are not chjectionsble

Turs more difficuit 1o stabilize and terminate. Initiation is fast, with mild tendency to overshoot
and slight tendency to PIO.

1-2

No problem . slight degradation due to puats (RCR ), (nitial response to control input seemed

slow, and shility to initiate rated inferior. Ability to stabllize and terminate turns rated aver-
age. Slight overshoot tendency and no P10 tendency noted. Handling in turns quite similar to
sireraft.

172

Turs mansuver rated superior on all counts, Very slight oversnoot, if any, with no significant
effects of guets on turn performance  No PIO tendencies

Rating lower primarily because of increased control task in othe: aves

12

Initial response to rudder pedel was ol ow, and ability to Initiate turn was rated average to -
fertor. Ability to stabilize and terminate was rated superior. Slight overshoot and PLO ten -
dencies

m—u“pm.‘.

TifMicult task to evaluste bacause of limited yow angle travel
Pliot compensstion not &Meult
Piiot work load much incressed

Ol % 9»

You control ts best axie. Ability to make turns rated excellont. Would be RCR | with & little
more control effectivensss. Mad to use quite & Bit of control to get big rates or rapld turns
MOCR 3, but rates cbtained were fast nough. Sop on heading was very good

Drift starts right sway, and piiot must enter loop to hold heading.

Easily controlied for yow task. Inttial response to rudder was fast, with mild tendency to over -
shoot and siight tendency to P10 Ability to initiate and terminate rated average, and shility
o stabdlize rated inferior

Inttial response to rudder pedsl seemed slow, with sverage shili'y 1o initiste and terminste turns
Anility to stabilize new heading rated superinr  Slight tendenc: (o avershoot and PO noted

initial response to rudder pade’ was rated aormal. Mild bt not ahjectiomable tendencies to over -
shoot and PO made ablitty to stabilive and terminate maneuvers infecior

Not & good simulstor tash. Not represestative of Mlight

i

360" turme sccomplished with relative sase in apite of & 12 b crosswind

Meady turn rate out of wind developed for constant pedal position. No indication of pedal re -
wverssl. Wind effects appesr st appron. 45" yow and incresse turn rate.

Seady ture produced by fised padal input  No pedal reversal evidest. Tum rate satisfactory.
Wind eftects incresse turs rate after shout 45 of yaw,

Relatively sany to socomplish in winds up to 1018 ks (RCR 3. Above that, duct rotation is
helplul 1o relieve uncomfortable pitch attitudes due 1o head and tail winds in the turn (RCR 4)

Superior tu-n capability in hover

Turs capability rated sverage Pods! response 18 normal, with slight tendency Lo overshoot




TARLE JOG. COMPILATION OF PILOT RATINGS AND COMMENTS FOR HOVER IN GROUND EFFECT

Comment

ALME

ruLL
"

Grouad cushion was positive but less noticesble than flight, Combined longitudinal and lateral
guete produce linearised body accelerstions rather than angular changes, which is representa
tive of flight, Bisedy winds up to 8 kn do not degrade Cooper rating, Higher head winds trimmed
with dects rated ACH 4, Degraded rating primarily due to uncomfortable attitude and lack of
stick force trim, rather than to & more difficult control task, Head winds not trimmed with
ducts and laters! winds sbove 5 kn rated RCR 6,

i oL

Desconl charscteristics not unlike flight, Stabilized hover IGE at approximately 3 ft (fairly
representative). Bobbing effect should be more pronounced. Low-level x-y gusts provide a
fair representation of turbulence in ground effect. Rating without gusts (RCR 3).

ruLL

e g

Simulator is representative of X-22A except for gusts and ground effect, which are not considered
0 be well represented, Ratings apply to winds with gusts applied. Blight gusts with no wind in
ground effect (RCR 5). Best representation of aircraft in ground effect was made with 5 kn
hoad wind snd gust leve! using ducts to trim head wind,

ruLL

-6

Ground effect with low-level lateral gusts is representative of flight, Rapid descents cau he per-
formed easier than very slow desosnts, as found in flight, This effect probably due to a
diminished guet response characteristic at reduced power, Rating given is with gusts without
(RCR J),

| oL

Ground cushion was simulsted approximately as in aircraft, Turbulence of low-level x-y gusts
In approximate representation of sircraft IGE,

Thgh

ruLL

Rapid collective movement necessary to fly up through ground cushion, Movement re-
quired was considered not sensitive enough, Hover in ground effect feels like moderate tur- -
bulence. Very uncomfortable, Requires considerable pilot effurt, Ground cushion strongly
positive, Relatively rapid rate of descent required to descend through to touchdown is more
than expected.,

FULL

Attitude upsets encountered IGE are moderate, stick activity is increased. Descent to touchdown
pleasant compared (o experience in other VTOL sircraft,

ruLL

-8

Random shaking and buffeting experienced IGE up to wheel heights of about 10 ft. Strong, positive
ground effect noled below 8 ft, Vertical landing task moving quickly through ground effect
{RCR 4). Hover ICGE snd landing with 1/2 SAS rated RCR 9 since angular perturbations are
noliceably larger than with FULL SAS and occurred with higher frequency,

FULL

Lowering collective slowly increases ground effect exposure and chance of P10. Roll-on landing
technique decreases ground ef.-ct exposure time and reduces pilot effort required to land
(RCR 3).

FULL

increased pilot work load, Ground effect turbulent and positive, Definite reduction in power
required to descend last 5 ft,

FULL

6-7

Developed P10 in vertical axis twice during hover (RCR 9), which was improved by releasing
collective, Possibly some plitch down when descending Into ground effect. IGE turbulence
characterized by lateral shuffle, Strength of ground cushion is a surprise at first, Aircraft
tends to stop descent at 10 to 20 feet, Apprehension due to turbulence also contributes to slow
descent,

FULL

Ground effect characterized by turbulence which masks the ground cushion effect to large extent,
Control IGE is easier under moderate steady-wind conditions. (RCR 4 In steady 15-kn wind,)
Slight negative ground effect occurs just above the ground cushion, which tends to produce a

stable hover height at about 15 feet,

83

—

Py




I

T =

L 25(qo) 19%) o0n p noid
lo.l:l..-.!..l..u-u-.;

~3820 08 QA (L ¥IE) vodsas yeu) A..AP:I o
‘11as 20 g4
IR SYS OX QI [03W0) 03 23488 ‘2AnIMN 0D ]
=a) ‘dovs puwe LUWMs o) {sv] "mW i asvasdu s salinbas wonwsues) Llazeq §VS 2/1 "Old o £3wapun ‘Burdnod spmme
ezt sdnjasa] Wb ssvodsas tappny | (AT 88} L3124 Jswodsas apnyme |jod on 188} Gaa aswodsas Ipmame g1 oN deas 180§ poOD 4
‘puie Jo In0 sassazfoad ‘pRou 3 |dnod 10218900 awos
W 5% sdofasip wonsisura ] nduy oy ~33qioq oN “aqipne Kjazwq fousny
{eeoniodosd 87 EONRANIOIY SHTI BIM auBeg HIISIP Ul HQEIIN0A 180W
[dpeas oy £|x21nd sasvaidap sonesNaoIe QA FIHYA SIND UONRINIIDIT (SITI3A
fsnm] “aed WPu saad jepad why 183184gd winwIw Pia ssvcdsalr aolg I
‘pasoduiraadns uoNIE||1980 AIWpuULIIN
pedwiep Ljjennau sdd-| ¢ aasy )
passadde m1anp aq Juydaaq £q pa1oxa
vone||§aso |wuipni(wo] potiad-Suo| v
‘(9 WOH) 1sEj ‘(9 HOH) €4Hd ur wone
= HOH) dmE Wy | W WOJ) paypnEas Arquadnou §1 avvodeas SVS Z/1TPIM | ~2ado SVS ON 01 Je)Iwns 81 QA ‘SYS | “(S HOU) Butpus) uo Kduapu? Ofd saatd
smodsan sopwIaacaT v "gye /T MM “K112013A [RINW] PIM muf Z/1 Q1im asuwodsal 1BRITUY JNSR] GINW PUR J|qurisapun 8§ Juapesd aapisod
e M3E) paon oy o w0y 0w Inq Mmuk 3813ape PIIN "y 20] ured ‘Tennau Jeau Suydwep ‘228 g A3 01 2Anedau sIYL '139) 01-G wIemlaq
PI'I ly HOM) awoodeas ooneiaaaae ¥ 01 1SRIIUOD U] PROU SBM $80] 19Dy -fxoxdde sy pojzad ‘seswaidw qBiaq | padojaadp uonwy(1aso WHAH 133} 01-8
wauil ('m 1) yndoy deys sallew] i HOM)  [VRIIpol “dn spimq paade am s¥ Saswaxd | pus ‘yead o} dn saqyid asou ‘sazijignIS 1® pxou 103jJe punoad aanisod ‘uonw
jmosEnes Suydurep paw L1ATISE8E oIy -9p YOI 23uw yawq ¥ 0] ({01 prdex U spmmv “ssol 1qdiag pur umop -13[300% premumop padnpoad 139} 02 :
w03 ‘wdnE ems m ssuodsar aes mw) |S1 pioy pus ysnd [sixne| 0 Isuodsas el | @eou 81 Indul PIvMIO] 0) asuodeal |eRu] MOQE 18 PIsSUIS 193})2 punoad aaneday a
Suidwawp mo] pus £oaanbasj 4y
= PIa WRNELS [0XIUCO IPMINT aNI| S|4 -
110z puw q21d uy ayqMs ANb Iy q g
‘asnd ‘sasind
19ppa oy ds qpeap |1 q | voadm oy deax yeaqpeap Afjer 1| da dsax yeaqpedp Ajjer k| 4 a4ud
*Aganb slom presteas SEIE008 /B g
o mawaddy ‘ynday s Baymogjo) PIPWNE2 UONEII|IDOE |RINIIA pAROU
"srXe spq *jo11d 03 SuypeaSop jou [[ns Inq Surdwsp mofom g sapmme gnid salungo Surdwep 180124 ON ‘FIX® Jaqio Inoge
noqe WASLs NI aand aq 0) savaddy qnid ey 889 ANuaxedds Surdurep [0y o) “m) /1 Py goud wepiag Sujpdnod £q patueduiodas jou aapde[0) qa
‘8-L HOH ‘mysnd
‘IaAnSEEWE i juy] agno i) jo eng tda MM 'S HOY ‘M18n3 ou puw gVS ON QM
- ‘aoRda|jep XONs 0y uonzodoxd uy #p|Ing Q0 e peETRUTEE §) i (€ 4OW) ymxoate uy ow
@ 3un yuwq seqsyiqwisy “1gdiaq uinaew padojassp u) spmme we ‘i e jo 338 7'0 A|asuwixoxdde Su) ounL ‘am
o painbas aapda)(od Jo yunows WIS | ynEas s wy CdpEEpmiieo) wepgead oy Anaad 148t saywnune wuodsaa poon d
"sxe “lox1uod 1101 0} INP “3g81]} Jo sanmussardax “WB1J 0} INjuxiS Ik san) "pool L1aa
MuA JO 1023000 30} GAHE 390 wOW Bayidnod 1yB1ag Jo uonEN vAD payuIAdad 10w 319) sinday asing "gByY) ur A3519py) uonsinuls “epmyjdure [jvws sy
-3aozdwmi spmruiew-po-Jopi0 1B sonIMIwT] (24X JpMME (oY 9B U peAstqor A|ptdes asour sEm YOIM Sajdnod SpnImIE gNId  "UOTIRIAIDOE
01 [WORUSP] °1UI|SIXD seuodsaxr Joppry | o3 aWwye AjjenmT sEM sswodsax [RamE] | wonEIRIEdOw au padojessp SpiOY puw |Ind T¥2112A Uy 1931} 0} |¥OnUap] JSoUnNy a N1V
"SEOTINIEERT] [RSIW] Ms pas kg ‘SVE Z/1 A y HOH
poayecs wivel C{c EOM) saneces aiowm ‘SVE TINd Pia (€ HOY) setouspuan
yyeacaye oy aeqyuryg | Apgline g sy o IR seuodusy) | J00qSI9A0 ON IJRAII[E 03 INYS IsEg “esuodsaa 1enup moig 4 a47d
sorwmwasQg asx sapmwni (oW soymwuiq ¥d sojmeuAq Wqtel wliid ] ese)

HIAOH NI ISVL LHOI'TA JINVNAQ HOJ SLNINNOD ANV SONLLVY LOTId 40 NOLLVTIANOD °‘IXX ITdVL

84




TABLE XXIII. COMPILATION OF PILOT RATINGS AND COMMENTS FOR STEADY FLIGHT TASKS
AT FIXED OPERATING POINTS IN TRANSITION

Task

Case

Longitudinal Trim
and Static Stability

BLFB

| RCR |

3

Pilot

Comments

o

F

=

Slightly move stable at A = 60° (RCR 3) than at 30" (RCR 3.5). Control activity normal.
Control forces representative. More sensitive in pitch and roll and slight tendency to
P10 in roll at 30°

Roll and yaw activity high, pitch normal. Similar to aircraft,

ALMB

|

Neutral to slightly negative stability. Resembles flight. Occasional lateral oscillation.

BHFB

Difficult to trim and hold altitude at A = 30°. Stability in trim seemed to be stable;
not representative.

Stability hard to tell from pitch forces at A= 0°. Seems to be a nosedown drift in
pitch trim.

FLIGHT|

2.5

4.5

Difficult to trim. Static stability at A= 60 seemed neutral (RCR 3). Stability seems to
vary slightly with angle of attack. Near-neutral stick-position stability at A = 0°
indicated by small forces required tc change speed (RCR 2).

Static stability at A= 45°, 30°, and 0° is neutral to mildly negative (RCR 4, VFR; RCR 6,
IFR). Acceptable for VSS research vehicle.

Ability tc hold speczific trim point is difficult. Static stability neutrzl to negative.
Neutral to negative static stability. Difficult to trim.

Static Directional
Stability

BLFB

Maximum sideslip limited by simulator scaling; otherwise representative of flight.
Positive static stability.

ALMB

Positive static stability but not as good a simulation as BLFB due to instrumentation
and computer difficulties. Lateral-directional control forces generally representative.

BHFB

Positive static stability. Maximum sideslip at approximately 8°. Poor simulation
primarily due to yaw trim drift and inadequate yaw displays.

FLIGHT]

Statically stable at A= 0°. Positive dihedral. Low stability at small sideslip angles
at A=60°.

Low directional stability at A= 45°,

Difficult to hold small sideslip angles at A= 0° and 30°. Neutrally stable for +2°; stable
at higher sideslip angles. Steady sideslip made to 10-1/2at : =45°. Slight duct buzz
above 5 sideslip. Noseup pitching moment with sideslip noted.

Neutrally stable at small angles of sideslip to :2-1/2°. Stable above.

Banked Turns

BLFB

Response to control inputs is normal to fast and compares well with flight. Slight to mild
tendencies to overshoot and PIO roll are noted at A= 30; control forces and motions
comparable. .

More difficult t > perform at bank angles greater than 20° (due to limitation in
simuiator scaling).

ALMB

Task performed in 100:1 motion scaling similar to aircraft. IFR indicates motion due
to roll control approximately as in aircraft. Attitudes representative, but g's do not
feel right.

BHFB

Generally good representation of aircraft. Response to roll-in seems about right. Statice
do not seem right. Flight requires more rudder. Tendency to sit at atout 2° sideslip
is same as aircraft.

FLIGHT]

Greater effort required to coordinate turns than usual for conventional aircraft. Turns
entered with stick only exhibit initial adverse sideslip which changes and becomes
favorable as turn progresses.

Rudder forces too high for stick at A= 30°. Turns easier at A = 60° (RCR 3).

Rudder required is proportional to bank angle. Smooth turn entries and recoveries
obtained by leading lateral rontrol with rudder. No slde force cue as to amount of
rudder required.

Rating given overall.
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TABLE XXIV, COMPILATION OF PILOT RATINGS AND COMMENTS FOR DYNAMIC FLIGHT TASKS
AT _FIXED OPERATING POINTS IN TRANSITION

Task Cane RCR ] Pilot Comment
Long-Period BLFB F Nonoscillitory divergent motion at A 307, Slightly divergent noscup and down ( v 0 ).
Longitudinal .
3 rilletor i AU,
Dynamic Mnde 3 F Nonoscillatory muteal at
ALMB 5 F Nonoccillatory slightly divergent and underdamped motion at & 30, Resemble Shight.
BHFB 4 Nonoscillatory divergent motion at A = 30°,

6 Slowly divergent from trim both noseup and nosedown at & 30", Guality of <imulation
rated fair. Long-term dynamics vary with duct amgle as they doom the rplane,

5 H Slow to diverge at A 0°,

FLIGHT| 3 B Motion was nonoscillatory divergent at A = 0% with recovery imttiated after 26=se¢ nose

) down and 50-sec¢ noseup for an equal change in piteh attitude.

2 C Neutral with hands-off in trim at A= 0%,

4 Mitdly divergent from trim both noseup and nosedown at X 30 (RCR 4}, Faster
divergence ut A 0" (RCR 6) possibly due to more out-of-trim condition.

= E Motion appears to be divergent at A = 15 .

F

Short-Period BLFB 3 F Nonoscillatory convergent well damped at A 30°,

Longitudinal n <

Dynsmic Mode ALMB 3 F Nonoscillatory convergent well damped at A 30",

(Sharp pulse-type HFB 3 B Well-damped short period at A~ 0°. Only apparent motion is long-term divergence.

ttch (nput
P L ) 4 D Nonoscillatory convergent at A - 30°, Quality of simulation rated poor,
IFLIGHT| 2 B Heavily damped in 1/4 to 3/4 cycle at A = 0°, Nonascillatory overdamped at A = 60°, At
the most, there is maybe one overshoot.

3 D Nonoscillatory convergent at A = 30° and 0% Did not marticularly like it, probably because
of the high sensitivity,

- E | Oscillatory convergent well damped at A - 30°,

F Essentially deadbeat.
2 H | Deadbeat at A= 30°.
Lateral-Directional BLFB k) F Nonoscillatory convergent well damped at A - 07, 30°, and 60°,
Dynamic Mode T :
l‘BHFB - D Two techniques used to excite motion. Quality of simulation judged to he fair for release
from steady sideslip, and good for rudder walk technique.
[FLIGHT| - E At A= 15", 22° motion is damped oscillation with a period of approximately 5 see,
Lateral-directional mode easily excited by walking rudders.

5 D Directional mode as cxcited by release from steady sideslips and rudder walking was
quickly damped. Persistent Iateral oscillation with approximately an s-see period
present at A= 30, but not at 0°. No coupled motion noted at 07 (RCR 2). Oscillation
moderately damped at duct angle 45 .

Crosscoupled spike seems to be: the best test technique,

3 B Motion appears to be oscillatory at 0 duct angle and damps in approximately 1-3/4 cyeles))

4 Directional oscillation is damped (RCR 3). Lateral oscillution persists at small
amplitude (RCR 5).

3 H At A= 30°, flight control not difficult; rudder kicks performed while maintaining bank

angle within 110°,

=== —————————— _.;j
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TABLE XXV. COMPILATION OF PILOT RATINGS AND COMMENTS FOR CONTINUOUS CONVEHRSIONS AND RECONVERSIONS

Case

RCR

Pilot

Comment

BHFB

Ducts were rotated down intermittently in intervals of approximately 1 sec with fuselage attitude held
level, Large height varistion and excensive pitch trim changes experienced. Lateral control motion was
high. Heading hold difficult due to display. Rapid stesdy-rate conversions were difficult to stabilize,
Overall controt performance rating for conversions was below average (RCR ', Pllot work load In
transition was rated high. Ability to initiste and terminate conversions and reconversions was rated
aversge, and control responses during these tasks were normal (RCR 1),

Several conversions and reconversions were made using duct rotation both intermittently and at maximum
continuous rat? (RCR 4). Collective stick and thrust rotation rated (RCR 2-3). Pitch trim too slow
(RCR 5). Yaw control rated RCR 4, probably due to prescatation which was not considered to be good
for IFR. Either roll response acemed to be alow or lateral atick force was high (RCR 4), but roll con-
trol was O,K. (RCR 2), Pilot work load rated high (RCR 4-5),

7.5

Initislly during reconversion, thrust control is used easentially as a height control; subsequently as a
speed control, The crossover point in use of thrust control is hard to judge (RCR 7) because height
cues are poor (RCR 6). Pitch stick was used to keep fuselage attitude level, Pitching moment required
was considered to be too high and pitch control rated RCR 6. Roll control required too much effort;
roll sensitivity and damping rated poor (RCR 7). Yaw control used to hold course (RCR 5), Overall
work load for reconversion rated excessive,

Conversion and reconversion trim and attitude changea provided reasonable indications and cues,

Use of collective to maintain altitude more difficult during reconversion, Thrust rotation at pilot's dis-
cretion, Pitch attitude difficult between A = 0° and 30° due to large trim change, Roll and yaw control
0.K. Conversion, RCR 3; reconversion, RCR 4,

Flight

Conversion from a = 90° to 30° made with fuselage level, The sense of horizontal acceleration was sur-
prising, as normal pilot tendency is to lower the nose to gain speed as learned in helicopter training,
Duct rotation switch on collective stick is good. On rotation from A = 30° to 0°, the fuselage attitude
had to be increased. which complicated the pilot task. The conversion was rated difficult,

For reconversion, ducts were rotated from A= 0° to A=45°, Speed response to duct rotation was im-
mediate. Rapid noseup trim change requires nosedown control. Reduced collective neceasary to
prevent climb, As ducts rotated further to 90° aircraft stability increased in pitch and roll,

Acceleration rapid and comfortable in fast conversion to A =20°, Further conversion resulted in strong
requirement for full-up collective and nose-up attitude which was not sufficient to level off at 130 kn
and A=0°

Fast reconversion at constant collective results in rapid climb (RCR 4). Reduced collective is required,
Reconversion from A= 30° to 80° more manageable. Increased collective at A= 30° obviuus and
easily accnmplished (RCR 3).

3-4

In conversions, a significant reduction in power is required at about A=60°, Strong noseup pitch change
noted and rated excessive (RCR 5) because retrim effort is added to already high work load. Duct buzz
evident between A=70° and 50°, Height controlled without difficuity (RCR 3), Maximum rate conversion|
easier to perform, Overall rating for fast conversion, RCR 3; for slow, RCR 4,

In level reconversions, considerable difficulty experienced between A =0° and 30° in holding pitch
attitude, partly due to lack of good visual attitude cue and partly due to trim change. Changeover from
using collective for speed control to collective for height control was difficult to phase, Judgment of
closure rate and deceleration to stop at selected spot was difficult, Reconversion not rated overall,

3-5

In both slow and rapid conversions, initial noseup trim change noted between A= 90° and 70°, Essentially
no large pitch changes noted between A= 70° and 30°. Further rotation to A=15° results in significant
nosedown trim change, requiring attitude trimming. Between A =15° and 0°, there is a continuous re-
quirement for up collective and aft retrimming, and a lateral PIO tendency was noted during slow con-
versions,

In reconverting, an initial hallooning (climb tendency) noted with duct rotation causes high work load,
which decreases again until ducts near 90°. Work load increases again in hover. Rapid conversions
and reconversions are easier to perform because pilot cues are more apparent (RCR 3). Slow (RCR 5).

Descending reconvetsion with siow duct rotation and aircraft altitude monitoring easily performed
(RCR 3). Work ioad rated low compared to level maneuver, Trim changes obvious but not objéctionable.

G

Conversion performed from stabilized hover by beeping ducts to A = 70° and rotating continuously there-
after. Collective used to control height and stick for fuselage attitude for level conversion; nose rotated|
up and collective added from about 100 kn (i.e,, between A= 15° and 0°). Conversion easily accom-
plished (RCR 3). Pilot work load rated average, Forward stick required in early stage of conversion
is undesirable for IFR. This characteristic is typical of helicopters, but their stick requirement does
not reverse as speed increases, Rolling turn during conversion improves visibility and makes maneu-
ver acceptable, No lateral handling problem noted, even though conversions were made in 90°
crosswind,

Reconversion predictable and repeatable using moderate beeping of ducts initially from stabilized flight
at 120 kn, A=0°, and continuous duct rotation on approaching hover point, Large and rapid applisation
of thrust required when entering hover. Difficult to tell position of ducts when concentrating on landing
target. Reconversion is similar to helicopter "quick- stop"” maneuver but without high noseup attitude,

Conversion from hover to A= 30° is RCR 2; it is RCR 4 from A=30° to 0° due to larger trim
and power changes, Reconversion from A= 30° to hover, RCR 3.
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APPENDKX Il
CORRELATIONS OF SIMULATOR STATIC AND DYNAMIC
RESPONSE CHARACTERISTICS WITH FLIGHT

In order for an aircraft to be adequately simulated, the individual aerodynamic
and control system parameters must be represented to a tolerance within the
threshold of pilot sensitivity; that is, his ability to detect a difference. Although
this degree of accuracy in the representation of stability and control parameters
is a necessary condition, it is not a sufficient one, since there are many other
elements of the simulation that can cause the handling qualities to be mis-
represented. Most of these other elements have been discussed elsewhere in
this report, and this appendix presents comparisons and evaluations of the
simulated static and dynamic stability and control characteristics with flight

as an indication of the degree of fidelity of the different simulations.

Data presented were taken from the recorded time histories of significant flight
parameters and include examples of control position and attitude stability and
trim in hover and transition, the trend of control position with velocity in con-
tinuous transitions, and time histories of dynamic motions and responses to
control inputs in hover and at fixed operating points in transition.

STATIC STABILITY AND CONTROL CHARACTERISTICS

This section presents comparisons of the static stability characteristics of the
different simulators with flight. Results show that the fixed operating point
static derivatives are reasonably represcntative of flight for all simulators. An
exception is the value of Ly, used in the BLFB and ALMB simulations, at

A =30°, 80 kn, which slightly exceeded the usual range of pilot tolerance to this
parameter; however, the fact that this difference went undetected, by the pilots,
indicates that these simulations were also adequate.

Fixed Operating Points

Static characteristics are best compared by plotting stick position and physical
attitude as a function of velocity. Differences between equivalent cases are
evaluated by solving and comparing the static equations of motion in the steady
state, and relating differences in simulated flight characteristics to the pilot
judgments of flying qualities as interpreted from the pilot comments received.

Hover

The static longitudinal parameters of pitch attitude # and stick position 8ps are
presented in Figure 9, as a function of velocity. Simulator and flight data
appear to be in reasonable agreement; an evaluation of the longitudinal equations
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of motion for steady forward flight indicates that the individual terms are
adequately represented.

The longitudinal force and moment equations in steady forward flight are

Xu +X w+Wsing =0 (109)
u w
Zu +7 w+[1——1;]Wcos0=0 (110)
u w w
+ v + =
Muu Mww M6 8ps =0 (111)
ps

Because height damping in the X-22A is low and ,pilot comments show that there
is virtually no pitch attitude coupling with height control, the height equation
(110) is uncoupled from the longitudinal equation (109) and the pitching moment
equation (111) and can therefore be neglected in evaluating Figure 9. Therefore,
pitch attitude can be obtained directly from equation (109) and is given simply
by
_ -qu - wa
6 = sin (__—W—-) (112)

Since, at very low speeds, the Xy, term in the X-22A is zero, this equation
further reduces to

-1 —qu
f = sin (-—w—) (113)

By substituting corresponding experimental values of u and 4 into equation (113),
the value of the X; term used in the simulation programs can he shown to be
reasonably correct. In the same manner, since M,, in the X-22A is zero in
hover, equation (111) can be evaluated to show that the simulated values of

M 5 and Mu are reasonable representations of flight.

ps

Static lateral parameters of bank angle , and roll stick position § .5, from the
different simulation programs, are compared with flight results in Figure 10,
as a funcion of lateral velocity. These results can bc evaluated in terms of
the lateral force and moment equations which, in hever, are essentially in-

dependent.
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The steady-state lateral equations are simply

va + Wsiné =0 (114)

Lv+L, 8 _=0 (115)
rs

va+ N8a88=0 (116)

From the side force equation (114), the bank angle can be expressed as

-1 va
¢ = gin T (117)

In Figure 10, the experimental trends and levels of bank angle with lateral speed
from all simulations are shown to be in reasonable agreement with flight. Sub-
stitution of corresponding values of speed and bank angle in equation (117)
indicates that the YV term is adequately represented.

From the rolling moment equation (115), lateral stick position can be expressed
in terms of the ratio of Lv/ L s
rs

ST (118)

Experimental data for lateral stick position from the BHFB are in reasonable
agreement with flight, but results from the BHFB differ appreciably. Since
control power levels were the same in all simulations, this difference is
attributed to an inadvertent misrepresentation of L., in the BLFB and ALMB
simulations, which used a value of -0.056 (rad/sec4)/(ft/sec) instead of -0.0394,
as quoted in Reference 12 (which gives a much closer representation of the
experimental flight results). It is interesting to note that the pilots were ap-
parently insensitive to this difference since they did not detect and comment

on the different characteristics. The expression for pilot tolerance to L, from
page 93 of Reference 12,

2
ALv =4 [0.6 + 6(Lv0)] |L"o | (rad/sec”) /(ft/sec) (119)
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defines the threshold of pilot oenlmvlty about L, = 0.0394 as the range of
values from -0.025 to -0.054 (rad/sec?), ‘t/sec). Since the value of -0.056 used
in the BLFB and ALMB program is only slightly beyond this range and since the
effects of the difference were undetected, the representation of L, as performed
is considered to be adequate.

Transition, A = 30°

The stick position required for equilibrium level flight at various trim speeds
and the stick-position stability within +16 kn from trim are presented in
Figure 11. The simulation results were obtained from the BHFB simulation
and show very good agreement with flight for trim speeds of 90 and 120 kn.
The gradient of the stick position with respect to speed for the 80-kn trim
evaluation is greater for simulation than it is for flight. However, the gradient
has the proper sign, which is important in evaluating stability. The maximum
error in stick position of 1/2 inch was probably imperceptible, because pilot
comments indicated that the simulator was much like the aircraft.

The lateral-directional static stability parameters of 3,g, 8 rp» and ¢ are pre-
sented in Figure 12 as a function of sideslip angle. These data show generally
good agreement with flight for the BHFB and BLFB.

Continuous Conversion and Reconversion

Continuous transitions at constant altitude can be made for an infinite variety of
combinations of the independent variables, which include A, 6, 8,5, 8T¢, and
V, so that there is no unique correspondence of parameters, and quantitative
comparisons of several continuous transitions are difficult to make. Figure 13
presents a comparison of several conversions and reconversions performed in
both the aircraft and the simulator. The characteristic forward stick position
to maintain an equilibrium speed in midtransition is clearly shown. While none
of the simulated transitions have an exact counterpart in flight, they all exhibit
similar trends, and the range of variation amoung the various parameters is
approximately the same in the BHFB as it is in flight.

DYNAMIC STABILITY CHARACTERISTICS ANALYSIS

This section presents comparisons of the dynamic response time history
records of important parameters for the different simulators with flight. Re-
sults show that the aircraft dynamics were reasonably well represented in all
simulators, and that the extent of the differences shown by the data was for the
most part within the scatter of the pilot ratings and comments received.
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Comparisons in hover are presented for dynamic characteristics in pitch, roll,
yaw, and height. Comparisons at fixed operating points in transition are given
for the inherent longitudinal and lateral-directional dynamic responses, and for
the short-period responses to pitch and roll control inputs.

Heiglt Dynamics In Hover

Respcnses of the different simulators to step inputs of the collective stick are
compared with flight results in Figure 14. Height control inputs are shown to
command an acceleration response in all simulations as in flight. Typically,
the response to the input is a relatively undamped acceleration, which can be
stopped only by a corresponding input in the opposite direction. The inherent
height damping of the X-22A is very low, and since there is no augmentation in
this axis, the pilot must provide his own damping by anticipating the response
with the collective stick. In rough air and in ground effect where the vertical
mode is continually excited, these control characteristics are quite sensitive to
pilot-induced oscillations. In the opinion of all pilots, the height control mode
as simulated was representative of flight.

Pitch Dynamics In Hover

Responses of the different simulators to pulse-type pitch stick inputs in hover
are compared with flight results in Figure 15. Results in all simulators are
shown to be very similar to flight. The delay in pitch attitude response appears
to be less than 1/4 sec in all cases, and pitch rate returns promptly to zero
with negligil:le overshoot. The residual pitch rate oscillation evident in the
flight results was caused by pitch stick inputs during the recovery maneuver.

Responses to step inputs in pitch for the different simulators in hover are com-
pared with flight results in Figure 16. The response in the BLFB agrees very
closely with the fiight response. The difference seems to be in the rate with
which pitch rate returns to zero. From comparable initial pitch, the pitch
rates and the BLFB returned to zero in 6 sec, whereas the aircraft returned in
3-1/2. This difference may be the result of external disturbances such as gust
effects in the flight results or a difference between the simulated and the true
aerodynamic damping. In the ALMB, the longest available step input was sus-
tained for approximately 2 sec, which is not time enough for the full oscillation
to develop. However, longer steps could not be sustained without exceeding the
limits of the flight cube. Comparable data from the BHFB simulation were not
available. Pilot comments for longitudinal dynamic response in hover indicate
that all simulations were well representative of the aircraft.
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Roll Dynamics In Hover

Responses to pulse-type roll stick inputs for the different simulators in hover
are compared with flight results in Figure 17. Responses in all cases are
similar. Discrepancies can be accounted for by differences in the initiating and
recovery inputs to roll stick. The flight record of roll angle differs from the
BLFB in the time it takes to return to zero. This difference is attributable to
the over-recovery indicated on the roll stick trace.

In the BHF B, the lag of the roll angle response of about 0.2 sec appears to be
slightly greater than for the other cases, but the response is still very fast. In
this case the roll angle continues to increase instead of returning to zero, hut
this action can be traced to the action of the roll stick, whtich does not recover
completely and continues to feed a residual roll acceleration to the system.

Responses to step inputs in roll for the different simulators in hover are com-
pared with flight in Figure 18. These responses appear to be excellent in all
simulations. The amplitudes of roll rate and angle are in airect proportion to
the size of the input, and the time to damp agrees well with flight. In all cases,
the delay in roll angle response appears to be less than 0.2 sec. Comparable
data for the BHFB simulation were not available.

Yaw Dynamics In Hover

Responses to rudder pedal step inputs for the different simulators in hover are
compared with flight in Figure 19. The agreement among cases is actually very
reasonable, although at first glance the results appear to be different. The dis-
crepancies are explainable in terms of the limits of SAS authority in tho yaw
axis, which was 32 percent of maximum yaw control power in the aircraft, 24
percent in the ALMB, and unlimited in the BLFB. The SAS operates to drive
yaw accelerations to zero in proportion to attitude rates within the limits of its
control authority. Because SAS authority in the BLFB was unlimited, the result
shown for the BLFB is a typically unsaturated SAS response. In the ALMB, the
response shown {8 saturated, and the yaw rate is seen to continue its climb. In
this case the input was sustained for only 3 sec, but if it could have been held
longer, the rate would have gradually leveled off under the influence of aero-
dynamic damping. The difference in saturated and unsaturzted SAS charac-
teristics is compared directly by flight resulis for two different-size yaw con-
trol inputs. The saturated SAS input is the result of a pedal reversal mancuver
rather than a step input, but the comparison ~hows the basic difference In
response between saturated and unsaturated SAS cases and demonstrates the
similarity of response between simulators and flight. For all maneuvers
requiring less than the SAS saturation level (which includes most ordinary
maneuvers), all simulators have similar dynamics and are directly comparable




W34 pue sioiemug 1o) 4340H U} [011u0) [joy ay)

jonduy adf3-asmg e o asuodsoy drmeulqg Jo uosiaedwo) <1 asniy 4

m
w
|
e 2
: | ot-
e -
>
N\
/ \ PRI N . o a ._.I..._rf . .
m \\ ““.' - '.’l - == @ m_
o
, F 0c-
i i » s
m [ \J ) cml ] -
| K - A =k ! *
i x i l'l’l_ o £ Y
i [} - S
-4 O [. 3
i W4 a
(174
= 11

Y314

g1V

d44Hd

L ERE




" 1Y31]d pUR SI0IEMWIS 10j JIAOH W} [ONIUO) [10W M
Jo ndu] adf1-das & 0y asuodsay dymwulg jo vostaedma) ‘gt aaYs 4

25 z—e] o
or-
- T ok M
e - ol I~ ——— \\ IV o
o
%~
- < AT §
= = lJul‘r S oy = -t 0
1117,

- 17
N-
lllllllllll I\'\/ NL'
''''''' X
— \'.'lfl *‘l ¢
¢ 1M

wayg aiK1v 419

a3




£ - e 3 o S

2 .

i WNIL pUe sIoiemElg S04 Savogy @
[o23u0] meA oy jo Indu] adSp-dng £ 0) avvodeay Muwsal(] o somtsadmor) Kt amdeg

Y )
I\
] /
" :
o .. suudsay paitan vy FRpndeayy pagesrEn e |
Isuodsay Y /
pajeaniesu)) s\J m- r
\ 4 - af) = e «f N [ 4 “ =
7 3 *t=
,/ y | -
7 | Isuodsay pajeameg \/ -
/ v
.
e 2 .Ii T ;

h2e 0y payjuy] ydoyiny SYS

Ltz o pajwyy Lisony gvs

Grhainy gy poyw pe )

T

o =

qaNiy

i




to the aircraft. Results agree with pilot comments and show that response is
fast, with small inputs producing a rate response and large inputs producing an
acceleration response. Accurate representation of these characteristics, which
are most noticeable with motion simulation, requires mechanization of the limits
of authority of the SAS. Comparable dynamic response time history data from
the BHFB simulator were not available, but the characteristics were similar,
and the yaw SAS authority was implemented at 24 percent.

Longitudinal Long-Period Dynamic Mode at Fixed Operating Points in Transition

Time history records of the long-period dynamic motion in the different simu-
lators are compared with flight in Figure 20. The motion shown is an extended
hands-off time interval starting from initial trim at A= 30", V = 80 kn. Since
the task was hands-off, stick position was constant and is not shown.

The mild divergence of the long-period mode, which is characteristic of the air-
craft, is shown to be well represented in all simulators. In the ALMB, the
presence of an initial rate of climb, h, explains the difference between the
altitude traces. The faster rates of response obtained in the BLFB were caused
by control inputs at the beginning of the maneuver, which are evident in the pitch
attitude, 6 , and the rate of climb, h , traces. At other duct angles and trim
speeds, the simulations were equally comparable with flight. The rate of diver-
gence of the long-period mode has a graduzily decreasing trend with increasing
duct angle and decreasing speed. At 60° duct angle and approximately 45 kn,

the stability appears to be neutral. With reduced SAS or at speeds away from
trim, the rate of divergence is increased.

Longitudinal Short-Period Dynamic Mode at Fixed Operating Points in
Transition

Time history records of the short-period dynamic response to step-type pitch
control inputs, in the different simulators and in flight, are compared in
Figure 21. Motion characteristics are shown to be similar for all cases. Rate
response to the control input is very fast, highly damped, and in proportion to
the size of the control input, as measured from the initiation of the control
motion to the peak of the rate response trace. The rest of the time history
shows the residual steady pitch rate which follows the short period and which
is established as a result of the sustained control input. Differences in the
magnitude of the residual steady pitch rate and in the development of the pitch
attitude trace, relative to the size of the control inputs for the different simu-
lator cases compared to flight, can be explained in terms of the pitching moment
equation, which for a constant pitch rate reduces to

+ =
M b Bpg P MW+ Mu+ M g=0 (120)
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Since the phugoid and short-period responses have been shown to be similar to
flight, it seems reasonable to assume that the aerodynamic derivatives are
adequately represented. In all simulator cases shown in Figure 21, the control
inputs are initiated from equilibrium flight (§ = 0). For the flight case of
Figure 21, the control input was initiated from a condition of nonequilibrium

( ¢ # 0); the size of the control input, while proportional to the initial rate change,
is not consistent with the residual pitch rate developed. A further indication of
the initial nonequilibrium condition of the flight case is given by the comparison
of nz, which was zero in the ALMB case but negative in flight. Since n, = -

and My, is a negative quantity, the My:w term has the opposite sign of w. In

the ALMB case, w is always positive, and this term contributes positive pitching
moments that oppose the damping. In the flight case, since n, changes from
negative to positive during the maneuver, this term contributes less positive
pitching moments, and, in the final stages of the maneuver, it actually reinforces
the damping term and accounts for the reduction in the residual pitch rate which
is out of proportion to the control input.

Lateral Control Response at Fixed Operating Points in Transition

Time history records of the response to step-type lateral control inputs in the
different simulators are compared with flight in Figure 22. Simulator results
shown are for a typical fixed operating point condition, A = 30°, V = 80 kn, as
compared to closest comparable flight data point. Results from all simulators are in
good agreement with flight. Roll rate responds immediately, builds to a peak
value, and recedes again to zero while the roll attitude developz and becomes
constant. In the BLFB, the control input was not sustained long enough for the
rate to reach zero, which explains why the attitude trace does not level off.
These results generally confirm the pilot's comments and judgments of lateral
control response in transition.

Lateral-Directional Dynamic Mode at Fixed Operating Points in Transition

Dynamic response time history comparisons of the BLFB and BHFB simulators
with flight are shown in Figure 23 for a release from steady sideslip at A =30°,
V = 80 kn. Comparable data for the ALMB are not available because of diffi-
culties experienced with the computer program. Although all three responses
are oscillatory, they differ noticeably in several respects. The BHFB response
bears the most resemblance to flight, as it has approximately the same fre-
quency, but it is lightly damped compared to the nearly neutral stability of the
aircraft. The BLFB response is most highly damped with a lower frequency
and very little yaw-roll coupling. The aircraft itself appears to be neutrally
damped, probably because the side force and directional stiffness parameters
are not as large as estimated. In view of these differences, it is considered to
be significant that the pilot ratings and comments for this task did not vary more
widely among the different simulations and as compared with flight.
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